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This review provides an overview of experimental results involving ultrasonic param-
eters as a function of absolute hydrostatic pressure in organic liquids. Major topics of
discussion include the pioneering work of Litovitz and Carnevale involving deduction of
the chemical and structural properties of liquids from acoustical properties as a function
of pressure; modern general ultrasonic studies of a broad range of organic liquids; work
accomplished by Russians and others from the former Soviet block countries, particularly
the work headed by Otpuschennikov at the Kursk Pedagogical Institute; the studies in-
volving refrigerants published by Takagi at the Kyoto Institute of Technology; tribologi-
cal and petroleum industry studies related to oils; Brillouin scattering experiments; and
thermodynamic methods &/A measurement. The importance of ultrasonic parameters
as a function of pressure to the understanding of a variety of processes is highlighted. A
table of 325 liquids and liquid mixtures with a total of 366 entries indexed by chemical
name is provided. Publications involving a specific liquid are cited within the table under
the entry for that liquid, with the author’s name, aim of the st(elg., speed of sound or
absorption studigs methodology, and pressure/temperature ranges of the experimenta-
tion also given(197 references © 2003 American Institute of Physics.
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oils; and emulsions to oceanography and geologyhe  ward comparison of the differences in speed of sound as a
propagation of sound in the high pressures found in oceafunction of pressure between different types of liquidg.,
waters and in petroleum cufsmechanical engineeringhe  benzene versus hexagnas well as different researchers
characterization of refrigerantstribology (the propagation working with the same liquid. The review also contains an
of sound as related to viscosity in pressurized ligyidad to  analysis of error in the polynomial fit, as well as a discussion
fundamental chemistry and physitthe use of sound speed of experimental error, the later of which is also directly rel-
and absorption to define compressibility, specific heat ratiogvant to this paper.
and other parameters in a wide variety of liquids as a func-
tion of pressurg

This paper reviews-extant literature pertgining to the effect 2. Early Studies
of absolute hydrostatic pressure on experimentally measured
ultrasonic parameters related to sound speed and absorption (1930s through 1940s )
in organic liquids. Studies by the various researchers are in-
troduced in historical fashion. Where appropriate, the body An increase in the hydrostatic pressure in a liquid gener-
of work of a given researcher or group of researchers |§.”y increases the Speed of sound. This was seen in even the

discussed as a whole, even though other researchers mést studies of sound speed in liquids as a function of hydro-
have contributed studies during the same time period. static pressure, which began with those of Swanson in 1933.

Although this review covers a unified topic, it can be dif- [Swanson(1933; Swanson(1934; Swanson and Hubbard
ficult to find relevant literature, as references are scatteretfl934]. Swanson measured the pressure coefficients of the
across a broad spectrum of sources, with a sizeable comp&P€ed of sound for nine organic liquids A&Br, CCl,
nent unavailable in English. As a result, researchers workingHCls CoHsOGHs,  CsHi,, €Sy, GeHg, C7Hg, and
with acoustical parameters of a given liquid as a function ofcsHsNH), which were chosen to provide a wide range of
pressure are sometimes unaware of previous work in theensities, compressibilities, viscosities and sound speeds. In

same area. This review is an attempt to rectify the situatiod® refatively small pressure range of the experimedis—
for future researchers. 34.3 MP4q, a nearly linear relationship between pressure and

This review does not cover scattering, reflection, or transSOUNd speed was both anticipated and observed. Pentane and

mittance through bubbles as, for example, the effect of stati€ther showed approximately twice the variation of speed
pressure on the acoustic transmittance of Albunex® miWith pressure displayed by the remaining seven liquids.

crobubble solutionge.g., Brayman(1996 and references _ SWanson modeled the results theoretically foHEBr,
thereir]. Neither does the review specifically focus on instru-C2HsOCHs and C$ through use of the relationship for the
mentation, although some mention is made of the technique¥*€€d of sound based on adiabatic compressibility

used to obtain quoted results. Internal pressures and their
relationship to the speed of sounds for example, the work

of Suryanarayd1993 and Pugazhendhi and Suryanarayanawhere kg is the adiabatic compressibility, which was ob-
(1990], are not included in this work. Also, the study of the tained from the relationship

speed or absorption of sound as a function of its proximity to

certain liquid to solid and liquid to vapor transition regions, ks=(1/v)(dvIdP)s

rather than asa s_traighp‘orward function pf pressure, is not a =(1/v)[(c7v/(9P)T+(T/Cp)(av/aT),%],

focus of this review. Finally, as the review centers solely

around liquids, no mention is made of results pertaining tovhere, in the latter equatiom,is the specific volumél/p), P
dense gases. Some results are included for dilute solutions @& the pressureT is the absolute temperature, a@g is the
macromoleculegBohidar (19899] and for liquid mixtures specific heat capacity at constant pressure, which was pre-
containing gas[e.g., octane with nitrogen; Daridon, La- sumed to be constant in throughout the given pressure range.
gourette, and Xangl994. Table 1 provides a summary of all The results of this expression were in reasonable agreement
relevant experimental work discussed in this review—itwith experimental results.

should be noted that the review focuses on experimental re- Talbott (1935 studied the speed of sound in diesel oil
sults, not on the various theories and models developed tonder pressures up to 41 MPa. A linear increase in sound
explain and use those results. A cogent, if somewhat datedpeed with pressure was observed: theoretical values calcu-
introduction to theoretical work in this area can be found inlated from (1p«gs)*'? were higher than experimentally ob-
Van ltterbeek(1965. tained values.

A separate related reviejDakley et al. (2003 ] analyzes Studies of the speed of sound as a function of pressure at
mathematic models of experimental results for speed ofoom temperature continued with those of Biquard in later
sound data, as opposed to the experimental data review pr&930s, using an optical diffraction method. Some prelimi-
sented in this article. The related review paper computes andary attempts to model sound speed as a function of pressure
presents in tabular form polynomial expressiongp) were published in Biquard1936. Subsequently, benzene,
=Ei”:0aip‘ for the speed of sound as a function of pressureoluene, methyl acetate, and carbon tetrachloride were exam-
for 68 organic liquids. These results allow for straightfor- ined utilizing ultrasound at 10 MHz with pressures up to 63

c=(1lpxg) ™,
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REVIEW OF ULTRASONIC PARAMETERS IN ORGANIC LIQUIDS 1503

MPa[Biquard(1938]. Much as Swanson had observed pre-relationship of density and volume proposed by RE@40.
viously, Biquard found a linear relationship between soundThe two-state theory of structural relaxation did not yield the
speed in the liquid phase and pressure. Accuracy was of theorrect pressure dependence of the absorption in the liquids:
order of that reached by Swanson, the limit in both cases distribution of states was suggested.

being governed by uncertain temperature fluctuations. A sub- In Litovitz (1957 the theory of thermal relaxation phe-
sequent studyBiquard (1939], showed that absorption at nomena in liquids was considered from the standpoint that
6.92 MHz in toluene decreased as a function of pressurethe mechanism of energy transfer in the liquid was the same
between 0.1 and 80 MPa. Experimental results at 50 MPas in a gas. Data on ultrasonic relaxation in,@&re con-
differed from the theoretical absorption of Stok@hkie to  sidered. It was found that a cell model for liquids and dense

viscosity by 19%. gases, in conjunction with binary collision theory, gave the-
oretical values for the pressure and temperature dependence
3. Work from the 1950s to the Late of ultrasonic relaxation times which were in good agreement
1960s—The Pioneering Efforts of Litovitz with experimental values.
and Carnevale In an accompanying papét.itovitz et al. (1957] mea-

surements of sound absorption as a function of pressure in
World War Il interrupted research in general on the effectscarbon disulfide and glycerol indicated that relaxation effects
of pressure on acoustical parameters. Publication resum&@using compressional losses in those liquids reacted differ-
with Kittel's theoretical examination of ultrasonic propaga- €ntly 1 pressure changes. In £4& nonassociated liquidne
tion in liquids, which was based on the free volume model off€laxation frequency increased with increasing pressure,
the liquid statdKittel (1946). (Kittel's intuitive description ~ While the relaxation frequency for glycer¢an associated
of pressure is also worth noting. He understood the pressufiiuid) decreased as the pressure was increased.
p to be made up of two terms, one representing the effect of In their 1958 work, “Effect of Pressure on Ultrasonic Re-
the attractive intermolecular forces and the other represent@xation in Liquids. II,” Litovitz and Carneval&1958 syn-
ing the external applied pressure. If intermolecular potentiafhesized the results of the previous work with glycerol and
energy were to be altered by removing the attractive part ofarbon disulfide with additional studies on acetic acid and
the potential while leaving the repulsive part, the “internal triethylamine to form a theory of ultrasonic relaxation which
pressure” could then be regarded as that pressure whictyas functionally dependent upon pressure. Results indicated
would compress the system to the volume actually occuthat thetype of relaxation, which differed in the various lig-
pied) uids, could have either a profound effect on the relaxation
Kittel's theorizing in the 1940s gave way to resumed ex-frequency as a function of pressure; or no effect at all. As
perimentation in the 1950s. Lacafh954 obtained experi- Litovitz and Carnevale write:
mental results for the variation of sound speed in propane as ‘In glycerol the viscous relaxation effects are related to
a function of temperatures ranging between 25 and 225 °cthe motion of the molecule from one lattice site to another
and pressures up to 111 MPa. Lacétf56 provided a brief ~ [Andreae and Lambl951)]. As the pressure is raised and the
historical overview of investigative efforts involving the density is increased, it becomes more difficult for a molecule
propagation of ultrasound in fluids as a function of pressurdo jump from one site to another in the lattice and the time
and temperature, and published results achieved by thgetween jumps increases. Thus, the relaxation frequency for
method of defraction of light for ultrasonic speeds in propandgntermolecular structural rearrangements that involve mo-
and methane at pressures up to 111 MPa at temperatures letular motion should decrease with increasing pressure.”
200°C. Also in 1956, Noury published results achieved by “In CS, the relaxation effect is due to a perturbation in the
defraction of light methods for ultrasonic speeds in propanequilibrium between vibrational and kinetic degrees of free-
at 585 kHz with temperatures from 75 to 125°C, and presdom. The relaxation time is here determined by two factors:
sures from 1 to 15 MPa. (1) the efficiency of a collision exciting or de-exciting an
Litovitz and Carnevale’s 1955 work on sound speed andnternal degree of freedom aridl) the number of collisions
absorption in pure water was only the first of a host of effortsper second. The effect of increasing pressure is to increase
to obtain a more complete understanding of sound speed artbe number of collisions per second without affecting the
absorption as a function of pressure in a variety of liquidscollision efficiency. It is for this reason that the relaxation
The results of many of these studies were recapitulated ifrequency increases with increasing pressure in.CS
Herzfeld and Litovitz'sAbsorption and Dispersion of Ultra- “The pressure independence of the relaxation frequencies
sonic Wave$1959. in triethylamine and acetic acid indicates that neither
In their 1955 study on the pressure dependence of soundbrational-translational relaxation nor structural relaxation
propagation in the primary alcohols, Carnevale and Litovitzof the liquid lattice is involved in these liquids. This conclu-
made measurements of sound speed and absorption in ethglon is in agreement with the assumption made by Heasall
methyl,n-propyl, andn-butyl alcohols at pressures up to 196 and Lamb that the loss in triethylamine is due to a rotational
MPa. Results showed that absorption decreased and souisbmeric effect. This mechanism can cause ultrasonic relax-
speed increased as the hydrostatic pressure was raised. Tdit@éon owing to the finite transition rates from one equilibrium
increase in sound speed appeared to be in agreement with thenfiguration to another. It was assumed by Heasall and
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Lamb that the volume difference between the two states isharp curves characteristic of fluids at supercritical pressures.
negligible and that the important contribution to the loss isGlycerine, the last substance characterized in the experi-
related to the difference in enthalpy between the two isoments, was typical of the rather few liquids which exhibit a
meric forms.” large viscosity both to shear and to ultrasonic waves. Both
“The pressure independence of the relaxation frequency ispeed and absorption values were noted.
triethylamine indicates that the transition rate from one rota- In other work, McSkimin(1957 published the results of
tional isomeric form to another is not limited in any way by experimental studies of both sound speed and attenuation as
the rate of transfer of energy from neighboring moleculesa function of pressures up to 145 MPa for carbon tetrachlo-
For example, the molecule does not need to await a collisionde and to 359 MPa for silicone fluids, at temperatures rang-
to knock it from one isomeric form to another. The processing from 5 to 50 °C. Eden and Richards@®60 published
appears to be completely intramolecular and the necessagycomprehensive study of sound speed in alcohols, monoha-
energy for the transition is obtained from coupling to otherlogenated benzenes, acetone, hexanes, isopentane, and ac-
internal degrees of freedom.” etaldehyde at temperatures between 0 and 50°C, and pres-
Studies on organic liquids were also expanded by those cfures up to 68 MPa. Absorption was also studied. Finally,
Mifsud and Nolle(1956. Here the ultrasonic speed and ab- Wilson and Bradley(1964 extended earlier work on the ef-
sorption for carbon tetrachloride, benzene, and carbon disufects of pressure and temperature on the speed of sound in
fide were measured by a pulse-reflection method at severgistilled water to study similar effects in methyl, ethyl,
temperatures in the guage pressure range of 0—137.8 MPa. hpropyl, andn-butyl alcohol for temperatures and pressures
these studies, the speed increased with pressure by a factoriBfthe ranges of 0—60°C and 0-96 MPa. The data obtained
about 1.4, while the relative absorption decreased to abod@r €thyl alcohol were used to compute the ratio of specific
0.4 times the atmospheric-pressure value. Both structural arfteats for this alcohol.
thermal relaxation models were examined in an attempt to
describe experimental results. Although a revised structural 4. Modern General “Western” Studies
relaxation theory was found to be plausible in light of the (Since 1967 ) Using Pulse-Echo Techniques
results, Mifsud and Nolle felt that the study tended to con-
firm the thermal relaxation theory of excess absorption in For discussion purposes, it is worthwhile to break work
nonassociated liquids. done from the late 1960s onwards into three separate groups.
Richardson and Tait1957 made measurements of sound The first group consists of a number of disparate researchers
speed and attenuation in a number of organic liquids at presand research groups in Western Europe and the United
sures up to 68.9 MPa. Carbon tetrachloride and benzengtates. The second group centers on the work of the Soviet
were chosen as being typical of nonassociated liquids showslock countries, largely dominated by the prolific output of
ing “anomalous absorption;” ether and pentane as liquidsOtpuschennikov and his co-workers at the Kursk Pedagogi-
with high compressibility at room temperature; carbon diox-cal Institute. The third group consists of the many studies of
ide and monofluortrichlormethar{€reon 11 as typical flu-  the research efforts of Takagi in Japan. In this section, the
ids which are vapors at n.t.p.; and glycerine as typical of &irst group will be discussed.
liquid having a high shear viscosity. The purpose of the work  Using the somewhat artifical dividing line of 1967, “mod-
was to provide experimental data that could form a basis foern” Western efforts can be seen as beginning with Boelhou-
theoretical discussion. wer (1967. Sound speeds were studied in liquid hexane,
Results for the speed of sound in carbon tetrachloride andeptane, octane, nonane, dodecane, and hexadecane in a tem-
benzengtaken at 3 MHz were in excellent agreement with perature range from-20 to 200°C and at pressures up to
those of Biquard's higher frequency measureme(®® 140 MPa usig a 2 MHz pulse echo technique. Accuracy was
MHz); Swanson’s points, taken at 193.7 kHz, were moreestimated to 1%: the results were used to derive adiabatic
scattered and bore a different slope. In comparison with reesompressibility. The pulse technique involving a fixed path
sults obtained for water, the two striking features of thelength was described in some detail. In one of the earliest
curves for benzene and carbon tetrachloride were the greatsupercooled studies, Van Itterbeekal. (1967 studied the
slope and the curvature. Over the measured temperatugpeed of sound in liquid methane as a function of pressure
range the ratio of the speed of sound as a function of pressufer various temperatures between182 and—82°C with
to that at atmospheric pressure increased steadily with tenpressures up to 20 MPa. It was discovered that for isotherms
perature. This was in accordance with the observed increasear the critical point, the change of sound speed with
in compressibility with temperature for these liquids. change in pressure became very large and had a high degree
As the absorption of pentane and ether was much less thasf pressure dependence.
those of benzene and carbon tetrachloride, it was necessaryln 1969, Hawley and co-workerdHawley, Allegra, and
to measure it at a higher frequency: 12 MHz. Some lack oHolton (1970] performed a series of experiments at Harvard
reproducibility of the results was noted, attributed to scatterunder pressures up to 522 MPa on water, methyl alcohol,
ing of the radiation by thermal inconsistencies such as occugthyl alcohol, n-propyl alcohol, n-butyl alcohol, eugenol,
near the critical state. carbon tetrachloriden-hexane, and toluene. The emphasis
Sound speed isotherms for G@nd CCLF showed the was primarily on documenting the effect on the attenuation
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and related acoustic parameters when high hydrostatic preshum initiated a series of studies using pulse echo techniques
sures were applied to the liquid. Absorption characteristicsvith a single 2 MHz quartz transducer to study the thermo-
were reproduced ta-3% in separate experiments. Absorp- dynamic quantities of pure liquids. In 1978, results were
tion coefficients and values for speed of sound were found tpublished for benzengBobik (1978] for sound speeds at

be within about 5% and 0.3%, respectively, of those pubtemperatures between 10 and 190 °C, and pressure up to 62
lished by Carnevale and Litovitd955 over the experimen- MPa. A polynomial was given for the whole range as a func-

tal range for which comparison was possible. tion of temperature and pressure of the form
An example of the use of the results of acoustical param- 4 4

eters as a function of pressure for a greater theoretical under- c= 2 z ayj piTi.

standing of the structure of liquids was given in Allegra, i=0j=0

Hawley, and Holtor(1970. In this study, the absorption and e mean deviation of the polynomial fits wa€.5 ms .

speed of sound as a function of pressures ranging up o 984hin their greater error intervals, older data were in agree-
MPa were observed in toluene and hexane at 30 °C. Toluer]%ent with the measurements.

was chosen because the absorption attributable to shear vis-|, 1979, similar results were published for carbon tetra-
cosity increases quite rapidly at high pressures, dramatizingoride for sound speed betweer8 and 162 °C and up to
the increase with pressure of viscous contributions to thgy Mpa[Bobik et al. (1979]. The mean deviation of the
total absorption. Hexane was of interest because, at atmeys|ynomial fits was below- 0.6 ms L. Similar results were
spheric pressure, the ratio of the total absorption to the abyplished by Niepmann and Schmid©80 for octamethyl-
sorption resulting from shear viscosity is constant over &yglotetrasiloxane, which showed a nominal value for sound
wide range of temperature§ his was felt to indicate a large  gpeed of 900.84 ¢ at 30 °C. Propane anu-butane were
ratio of compressional to shear viscosity the analysis, the jhyestigated in a Neipman(1.984), while liquid chlorodif-
absorption of ultrasound as a function of pressure iNyoromethane (CHCHJ and dichloromethane (Gi€l,)
n-hexane and toluene was resolved into its various contribuyere explored in Neipmanet al. (1987).
tions by estimating the ratio of compressional to shear vis- van't Klooster, Muringer, and Trappenief&980 used ex-
cosity 77¢/77s. At lower pressures, the viscous contributions perimental results on the speed of sound to test the validity
were small, and the separation of the vibrational contributiorsf several equations of state. The regime betwe&@b and
was relatively insensitive to the choice pf/ 75, whereas at  50°C and pressures up to 260 MPa was studied. Muringer,
higher pressures, the viscous contributions dominated, makfrappeniers, and Biswad985 went on to measure the ef-
ing the resolution of the vibrational contribution very sensi-fect of pressure on the speed of sound and density of toluene
tive to the choice ofpc/ 7s. and n-heptane at pressures up to 260 MPa, at temperatures
In a study involving a completely different type of experi- ranging between-88 and 47 °C. The density, isothermal
mental apparatus, Collings and McLaughli®70 measured  compressibility, isobaric thermal expansion, and specific heat
viscosities in benzene, cyclohexane, carbon tetrachloridext constant pressure of both liquids were evaluated from the
isopentane, and-pentane at temperatures of 30—50 °C withmeasured sound speed, following a method devised earlier.
pressures up to 6.86 GPa using a torsional vibrating quartz |n the late 1980s and early 1990s, Lainez, Zollweg,
crystal. It was concluded that the torsional crystal methodstreett, and co-workers spearheaded an interesting series of
was capable of accuracies of 0.5%. sound speed measurements for a number of different liquids.
Utilizing more conventional pulse echo equipment, No-Experiments were carried out at 3 MHz with a newly con-
mura, Kuroki and Miyayar&1971), published a study of the structed direct-weighing apparatus designed for use from
speed of sound in methyl, ethyh-propyl, andn-butyl ac-  —153 to 257 °C with pressures up to 400 MPa. Laieeal.
etate. Pressures up to 30 MPa were measured, with temper@987 conducted volumetric and speed-of-sound measure-
tures ranging from 5 to 35°C. The speed of sound in thesenents in tetrachloromethar(earbon tetrachloride Results
esters was found to increase parabolically with pressurecompared well with published values, including those of
From these results, the nonlinearity paramet®f& were Hawley et al. (1970, Richardson and Tai(1957), Makita
determined. These parameters were found to be almost eand Takagi(1968, and Bobiket al. (1979. [McSkimmin
tirely due to the pressure dependence of the speed of souritl957) and Mifsud and Nolle(1956, who provided only
and independent of the temperature. graphical results, could not be included in the comparison.
Houck and Heydeman(il971) published a study involv- Lainezet al. (1989 studied trichlorofluoromethane at four
ing dilatometric and ultrasonic measurements at pressures temperatures between 80 and 140 °C and pressures up to 210
2000 MPa for aviation instrument oil, 2-methylbutane, andMPa. A 14-parameter rational polynomial fitted thg ¢, T)
their mixtures. Results were related to the density, relativeesults with an average error of 0.040%. Lainez, Zollweg,
volume, and isothermal bulk modulus of the mixtures.and Streett (1990 studied n-pentane and 2,2-
Houck (1974 published high pressure measurements of dendimethylpropane. Rational polynomials were used to fit the
sity, speed of sound, and bulk moduli of pentane andp,c,T) results, with root-mean-square deviations of 0.036
2-methylbutane and their mixtures. and 0.046 forn-pentane and 2,2-dimethylpropane, respec-
In the late 1970s, Bobik, Niepmann, and others at the Intively. Results were compared with previous studies of the
stitut fur Thermo- und Fluiddynamik at Ruhr-UniverdiBo-  speed of sound in pentane published by Otpushchennikov
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et al. (1974; speeqd Houck (1974, Melikhov (1985, Belin-  achieving pressures up to 40.5 MPa and temperatures up to
skii and lkramov (1973, and Ismagilov and Ermakov 600°C were available. However, relevant studies were pri-
(1982. [Other worthwhile earlier efforts involving the speed marily concerned with the variation of the speed of sound as
of sound in liquid pentane as a function of varying pressure function of temperature in organic liquids at their saturated
include Younglove(1981) and Lacam(1956.] vapor pressures. Liquids so studied included the aliphatic
Benzene and cyclohexane were the subjects of a study lgnd aromatic hydrocarbons, acetates, formates, monohydric
Sunet al. (1987. In this work, a phase comparison pulse alcohols, and halogenated benzenes. The few studies directly
echo method with two reflectors was used to determine theelating sound speed to pressure were performed only in or-
speed of sound for both benzene and cyclohexane at tenganic vapors and gases.
peratures ranging between 10 and 50 °C, and pressures rang-Otpuschennikov, Badalyan, Shoitov and a host of other
ing up to 170 MPa for benzene and 80 MPa for cyclohexaneRussians began publishing in the late 1960s and early 1970s,
The density, isothermal compressibility, isobaric thermal exprimarily through work accomplished at the Kursk State
pansion, and specific heat at constant pressure were evalBedagogical Institute under Otpuschennikov’s direction.
ated from the measured sound speeds. Results were cor@hoitov and Otpushchennika\t968 reported sound speed
pared with previous published studies of Langgethal. in n- andiso-butyl alcohol at pressures up to 50 MPa and
(1977, Takagi and Teranish{19844a, (1984b, 19845 and temperatures between 50 and 110°C. These results were
Bobik (1978. Sun et al's experimental apparatus had the compared with results for nine other liquids from the litera-
advantage over the single reflector pulse-echo method in thatire to show that a linear relation exists between pressure and
there were no unwanted reflections of the sound pulse frorsound speed at constant temperature. Badalyan, Otpushchen-
the transducer and, consequently, the uncertainty in the tramikov, and ShoitoW1970 provided experimental results for
sit time determination was very small. the speed of sound im-octane andh-decane at pressures up
Using a new method of computational analysis, Biswago 118 MPa and temperatures between 30 and 140°C. The
and ten Seldani1992 derived the equation of state and heatspeed was found to be nonlinear along isotherms. Badalyan,
capacity for methane at lower temperaturesl5—-25°C)  Otpushchennikov, and Shoito\971) provided results for
and at greater pressures than any previous comprehensittee measurement of sound speed in 1-nonene, 1-octene and
study: up to 1000 MPa. Using the stepwise construction ofl-decene at temperatures between 30 and 130 °C and pres-
p—T isochores, densities were predicted with an uncertaintygures up to 118 MPa. An empirical equation was found to
no greater than 0.14%. Results were in agreement with thosgescribe the temperature and pressure variation.
of Setzmann and Wagner, but the difference in the results Otpushchennikowet al. (1974h described a new type of

increased with decreasing temperature. ultrasound system and provided results for benzene up to 100
MPa, and for diethyl ether and isopropyl alcohol on the satu-
5. Work by Russians and Those ration line. An equation was derived to describe the relation-
of the Former Soviet Block Countries ships between the sound speed and pressure and density. Ot-
(1950s through 1980s ) pushchennikowet al. (19743 described investigations into

the speed of sound in-pentane at pressures up to 203 MPa.

The published work of the former Soviet block countriessysoev' Otpushchennikov, and BadalyaB7§; Sysoev and

is somewhat difficult to access, as a substantial portion is iptpuiggerlmlkg\(slwea 1(;376(?; Syiozv r?ndhOtpuzchenn]-
Russian, with some documents being unavailable throughov( .7)’ an ysoe\l 9 described the t ermodynamic
Western sources. An overview of some of the broad-rangingrc’pert'es of various alcohols based upon experimental re-
results follows in chronological sequence. The careful reade u!ts for .the Speed ofdsoun% actj pre;sures to 9§OOWOH )
is referred to Melikhou1982 for the most thorough previ- EVS e:L%L;lgmenL_vvgs_ ngnde n )és?evf an tpluscdennl-
ous review(albeit in Russian of partially relevant subject Ot\)/ ( I Ia,hWI ICS Inclu eds(c))tme sa i"'&E)O?py an
matter. Also worthwhile is the annual collection Ul'trazvuk i "~ utyl alcohol] Sysoev anc puschennikad979 pro-
Termodinamicheskie Svoitsva Veshchest¥ajrskizei Gosu- yldec_i tabular results for similar speed-of-sound experiments
darstvennyeei Pedagogicheskieei Insfittibe collected edi- iso-propanol, n-pentanol, n-hexanol, n-heptanol,
tions of Ultrazvuk i Fiziko-chimicheskie Svoistva Vesh- "-dodecanol, 1,3-propandial, diethyl ether, carbon tetrachlo-
chestva; as well as the periodical Nauchnye Tr(yrskizei ”dS' lgndkPon:jntle&hyIS|lox1a;7éP MS;)}.Ogo'd hensi
Gosudarstvennyeei Pedagogicheskiegei Institut. Early texts of ElinSKii an ramov( 3 published a comprehensive
historical interest include Kudryavtseid952 and Suslov investigation of the propagation speed and coefficient of ab-
and Kudryavtse\1955 sorption of ultrasound, along with the shear viscosity, den-
Nozdrev's textThe Use of Ultrasonics in Molecular Phys- sity, and dielectric constant ai-pentane at pressures from 0

ics appeared in English in 196fNozdrev (1965]. This © 784 MPa along the 20, 30, and 40°C isotherms. The ex-

work, a translation from the Russian, contained the results Or?erlmental results were used to calculate the nonlinear pa-

several previous years of research from the combined labdameters

ratories of molecular acoustics of the N. K. Krupski Moscow

Provincial Pedagogical Institute and of Molecular Physics of Ra=
the University of Moscow. Pressurization vessels capable of

dinc
dlnp

d(pc?)
= p

’
T
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as well as the activation energies of the shear and bulk visstudy of the speed of sound in benzene, toluene, chloroben-
cosities. zene, fluorobenzene, iodobenzene, 2,4-dibromotoluene, 2,4-
Atoyan and Mamedoy1975a (1975b published results dichlorotoluene, iodotoluene, and chlorotoluene at pressures
for methylhexylketone using a new method of compressiorio 600 MPa and temperatures between 20 and 150 °C. With
that allowed for broader region of ultrasonic parameter meathe crumbling of the Berlin Wall and the subsequent passing
surement. Conducted at temperatures from 0 to 200 °C witlef Communism in the former Soviet Union, the phenomenal
pressures from 0.1 to 16.2 MPa, the speed of sound and thmutput of the Kursk State Pedagogical Institute was abruptly
density increased exponentially with pressure, and the coehalted. No studies were published in this area after 1989.
ficient of absorption decreased exponentially with pressure.
Kagramanyan and Badalydh978 described experimen- 6. Takagi and Co-Workers at the Kyoto
tal apparatus for the measurement of the speed of sound in Institute of Technology
liquids at pressures up to 203 MPa at temperatures ranging (1968 through Present ); Refrigerants
from 30 to 100°C with error of no more than 0.2%. The
speed of sound im-hexane and polyethylsiloxane-2 were  axaqgi and his frequent collaborator, Teranishi, of the
examined as a function of pressure. Kagramanyan continuggy o1, Institute of Technology, instituted a number of studies
on to. publish several o_ther studies of polyethylsiloxanes as 8f a variety of liquids and liquid mixtures—the group’s work
function of pressure with Badalyan and others. These studigg so prolific as to merit separate mention. Takagi’s earliest
included Kagramanyan, Badalyan and Otpushchennikoy,ork was performed with MakitalMakita and Takagi
(1978; Kagramanyan, Badalyan, Otpushchennikd®79;  (1968] at Kobe University: this work examined the speed of
Kagramanyan and Badalyah979; Kagramanyan and Bag- sound in benzene and carbon tetrachloride to pressures of up
dasaryan(1983; Kagramanyan and Badalyd983a; Ka-  to 213 and 253 MPa, respectively. Takdd975 studied
gramanyan and Badalydi983h—this later work included  sound speeds in chlorobenzene and nitrobenzene under pres-
a study of polymethylsiloxanes. sures up to 210 MPa at temperatures from 10 to 60°C.
Pevnyi and Otpushchenniko9804 provided informa-  Takagi (1976 examined the speed of sound in aniline and
tion as to an experimental apparatus for studying acoustigyciohexane under similar conditions. Ultrasonic speed at a
and viscosity properties of liquids over a wide range of tem-constant temperature was found to increase parabolically
peratures and pressures. Resultsi$orpropanol,n-butanol,  with increasing pressure in all four liquids. Using the mea-
benzol, and toluol were provided. Pevnyi and Otpuschennisyred values of sound speed aRY T relations reported in
kov (1980 provided sound speed for dibutyl, dipropyl and the Jiterature, the adiabatic compressibility, specific heat ra-
di-iso-propyl ether, as well as-hexyl alcohol at pressures up tjo, and specific heat at constant pressure were determined
to 800 MPa. In 1981 Pevnyi and Otpuschennikov pUb'IShEG,Nn:h a h|gh degree of accuracy. Takdg_978a studied the
results for ultrasonic speed in a nonassociative liquid—speed of ultrasound and density of liquidalkanes under
butylphenyl—for pressures up to 800 MPa. The results wergimilar pressure and temperature conditions. The speed of
exactly those expected of a nonassociated organic liquidound for each of the three liquids studiedhexane,
based upon the 1976 study of Sysoev and Otpuschennikol-heptane anah-octane—increased with increasing pressure.
Pevnyi (1983 provided similar results for an experimental The values of §c/dP); at atmospheric pressure varied
study of the ultrasound propagation speed in dialyl ether. Iglightly, but converged to nearly a single value at pressures
the work of other researchers: Guseinov and KIim@\283 higher than 100 MPa. Taka¢l978h (19789 and found that
published a study of the speed of sound in amyl proprionat@ltrasonic speed in the pure components and their mixtures
at pressures to 50 MPa. Makhres al. (1989 studied the increased parabolically with increasing pressure. Densities,
thermodynamic characteristics of secondary butylbenzengothermal and adiabatic compressibilities, and the expansion
from O to 245 MPa at temperatures between 40 and 180 ° Gsoefficient as a function of pressure were calculated using
Tsydypov and Otpuschenniko{1981) studied decalin at the ultrasonic results. Taka¢1980h explored the speed of
pressures of up to 250 MPa at temperatures between 17 agdund in benzenecyclohexane under pressures of up to 200
177°C. MPa. Curves of ultrasonic speed against mole fraction had a
Melikhov et al. (1976 began simply by studying the minimum in all pressure ranges. The mole fractigy, at the
speed of sound im-hexane at pressures to 300 MPa, whileminimum shifted towards benzene with increasing pressure.
Melikhov et al. (1979 studied the speed of sound in In that same yeafTakagi 1980a measured the ultrasonic
n-hexane at pressures up to 588.5 MPa. Melikli®985 speeds of benzereaniline and chlorobenzereaniline at
involved a much more comprehensive study of the speed gfressures from 100 kPa to 210 MPa for a temperature range
sound as a function of pressure in 12 polyatomic liquids:of 0—102 °C. Using the measured ultrasonic speeds and cal-
n-pentane, n-hexane, n-heptane, n-octane, n-nonane, culated densities, the isentropic and isothermal compress-
n-decanen-undecanen-dodecane, 1-octene, 1-decene, ben4bilities were derived.
zene, and cyclohexane. Temperatures ranged from 30 to Takagi(1981) studied the ultrasonic speeds and thermody-
160 °C, and pressures to 600 MPa. namics of benzenean isomeric xylene at pressures up to
In one of the last publications of the Kursk State Peda200 MPa at a temperature of 30 °C. When the values at
gogical Institute, Verveyko and Melniko\1989 published a =0.5 were plotted against pressure, the curve for (benzene
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+p-xylene) exhibited a smaller pressure dependence thawid trichlorofluoromethane, 1,1-dichloro-1,2,2-
that for (benzene o-xylene), or (benzenem-xylene). In  trifluoroethane (Takagi 199}, and 1,2-dichloro-1,2,2-
1982, Takagi and Teranishi reported in two studies the resultBuoroethane{ Takagi, Kusunoki, and Hong¢1992]. As a
for ultrasonic speed and thermodynamic properties ofesult of these studies, it was suggested that ultrasonic speeds
(benzene- chlorobenzene), (benzendromobenzene) Wwere high for spherical molecules due to tight packing.
(19823, and (benzenenitrobenzene)1982h at pressures Ultrasonic speeds were measured in pentafluoropropyl,
up to 200 MPa. Takagi published three papers with TeranisHietrafluoropropyl, and trifluoroethyl alcoholsTakagi and
in 1984 on the study of ultrasonic speeds and densities dloguchi(1992]. The findings showed these alcohols exhib-
benzene, toluene, (chlorobenzer@trobenzene), and ited lower speeds and less pressure dependency than did the
(chlorobenzene bromobenzene) at pressures up to 200 MPgrimary alcohols. Takadil993 examined ultrasonic speeds
and temperatures ranging from 20 to 40 °C. The pair went oin liquid difluoromethane under pressures ranging from the
to publish three more papers in 19BEakagi and Teranishi saturated vapor pressure to about 35 MPa, at temperatures
(19853, (1985h, (19850] on the study of ultrasonic speeds from —30 to 100 °C. The results were compared with those
and thermodynamics for binary solutions ofalkanes, for CHCIF, and CRCH,F. Ultrasonic speeds were also stud-
(toluenet o-xylene), (toluene-aniline), and polydimethyl-  ied in 1,1-dichloro-1-fluoroethane for pressures up to 50
siloxang with pressures up to 200 MPa. Liquittalkanes MPa with temperature ranging from 10 to 100 {Takagi
studied included n-hexane-n-decane, n-octane and Hongo(1993]. In 1994, Takagi released results for a
+n-dodecane anch-decane-n-tetradecane. Results were similar work on trichloromethane and dichloromethane
used to calculate thermodynamic properties, and to providgTakagi(19944]. The ultrasonic speeds in these liquids were
clues to the understanding of the character of binary solufound to have stronger pressure and temperature dependen-
tions under high pressure. cies than that of tetrachloromethane, which has a spherical
Takagi and Teranishi(1986 studied sound speed in molecular structure. A subsequent papkakagi(1996a] ex-
dichlorotetrafluoroethane—R114—at pressures up to 50 MPamined ultrasonic speeds in compressed liquid and vapor
within the temperature range 10—-50°C. A new, more accupressures for 1,1,1,2-tetrafluoroethane {CH,F) between
rate and higher pressufap to 200 MPaapparatus was de- —30 and 60 °C at pressures ranging from near the saturation
vised and described in 198Takagi and Teranishil987a]. line to about 30 MPa. The measurements were made using a
A subsequent set of papeffSakagi and Teranishil987h;  sing-around technique employing a fixed path acoustic inter-
Takagi and Teranishi(1988a and (1988h]; along with  ferometer at 2 MHz. Ultrasonic speeds for the saturated lig-
Takagiet al. (19893 studied the speed of sound in mixtures uid were estimated to withint=1 m/s. Results were com-
of monochlorodifluoromethane and monochloropentafluorepared with studies of Guedes and Zollwé&p92 and the
thane, including the mixture commonly known as R502.previously unpublished work of Vstushaninc and Grebenkov
These mixtures were measured at pressures up to 51 MR# the Moscow Power Engineering Institute. Takét®96b
within the temperature range 10—100 °@Since these fluids studied the speed of sound in pentafluoroethane from the
are considered environmentally friendly, their thermody-saturation line to about 30 MPa, with temperatures from
namic properties are important to the refrigeration industry. — 30 to 60°C.
Comparisons were made between the experimental quantity An interesting review article, unfortunately in Japanese,
and estimates of the speed of sound as a function of tempergras published in 1994Takagi (1994h]. This article re-
ture, pressure, and mole fraction obtained from various emyiewed experimental techniques for measuring ultrasonic
pirical equations of state applicable to refrigerants. Of pri-speed, its behavior in liquids at high pressures, and the esti-
mary interest was the variation of adiabatic compressibilitymation of the liquid density from the speed data. The tem-
ks, With temperature and pressure. This value can be obperature and pressure dependencies of ultrasonic speed in
tained from measurements of the speed of sowrshd the  halogenated benzenes were discussed. As a new attempt to
densityp by use of the equation estimate density from speed of sound data, the liquid molar
volume for these substances was derived by means of the
Peng—Robinson equation of state with reasonable accuracy.
This method of determining was first published by the  Takagi (19970 explored ultrasonic speeds in the liquid
same authors in a 1987 work describing a new apparatus thphase for binary mixtures of pentafluoroethaif=C-125
allowed for an easier method, the “sing-around,” of accu-and 1,1,1,2-tetrafluoroetharielFC-134a, which are among
rately measuring ultrasonic speed in compressed liquids ughose binary/ternary mixtures of hydrofluorocarbdH&Cs
to 200 MPa. “Sing-around” means that the outgoing ultra-that have been selected as the systems suitable for the re-
sonic pulse is reflected back and also subsequently receivgidlacements of chlorodifluoromethane (CHEIFHCFC-23
by the same ultrasonic transducer. Using the sing-aroundnd the azeotropic mixture CHGIFCCIF,CF; (R502. It
method, Takaget al. (1989h) measured ultrasonic speed in was noted that the treatment of refrigerant mixtures is ex-
tetramethysilane, tetraethysilane, and tetraethoxsilane witttemely complicated, and therefore accurate data on the ther-
temperatures from 10 to 100 °C at pressures up to 200 MPanophysical properties, especially on the composition effects,
The results for ultrasonic speed correlated well with intermo-are much in demand. Results covered temperatures ranging
lecular free length. Ultrasonic speeds were measured in liglom —30 to 60 °C and from near the saturated pressure to

ks=1/pu?.
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about 30 MPa. The values for the speed of sound were found In 1986, Bezotet al. (1986 employed a light scattering
to increase monotonically with increasing pressure: measureechnique to determine sound speed in the synthetic oil 5P4E
ments taken near the saturation line showed large pressuat pressures up to 200 MPa with temperatures of 26—59 °C.
effects on the speed of sound and @n/dp), especially in  Ultrasonic speed was shown to increase linearly with pres-
the high-temperature region—a result similar to that of puresure. Wanget al. (1988 published results of a series of ex-
substances. In the case of refrigerants, the thermophysicperiments pertaining to the speed of sound in 8 dead crude
properties at vapor—liquid equilibria are important for systemoils, 2 refined petroleum hydrocarbons, and 1 live oil. The
design. Therefore, for this later study, Takagi convenientlyspeed of sound in live oils were found to be lowered by the
measured the bubble point pressure for the mixture by usingas in solution, but the temperature and pressure behaviors
the phenomenon of acoustic absorption observed in the megemained similar to those of dead oils without gas. Fujishiro
surement of the speed of sound. Ultrasonic speeds were fugt al. (1992, using a newly developed high-presure
ther examined at pressures up to 30 MPa in liquid 1,1,1diamond-anvil cell, determined sound speed with an infer-
trifluorethane [Takagi (19973] and 1,1,1,2,2-pentafluoro- ometer at approximately 20 °C for benzene, castor oil, etha-
3,3-dichloropropane and 1,1,2,2,3-pentafluoro-1,3nol, and BCCM(bicyclohexylcychlohexylmethanet atmo-
dichloropropang Takagi(1998]. spheric pressure and up to 2400 and 6000 MPa, respectively,
Takagi’s efforts continue at present. He is the most longfor ethanol and methanol.
lived and prolific researcher in the subject area of this re- Vergne and Roch¢1991) published results obtained for
view. the speed of sound as a function of pressure obtained through
the use of a new apparatus based on the falling body viscom-
eter principle. Results were shown for highly refined naph-
7. Tribological and Petroleum Industry tenic mineral oil and silicone fluidtetrachlorophenylmethyl-
Studies Related to Oils polysiloxane. Pressures were varied up to 700 MPa and
temperatures ranged from 25 to 150°C. The experiments

The study of acoustical parameters as a function of presvere used primarily to obtain viscosity and compressibility
sure in oils is an area of great importance to both tribologicameasurements; little detail was provided on the acoustical
issues and the petroleum industry. An overview of this area igPparatus used. Earlier results involving the study of the
provided here, with a discussion of oil studies using the Bril-complex viscosity of polymer oil systems under different
louin technique being deferred to Sec. 8. temperatures and hydrostatic pressures include an interesting

In the earliest substantive work in this area, Mattesorstudy by Philippoff(1963, which involved the use of a tor-
(1938 developed a method for determining the speed ofionally vibrating quartz crystal. Huttaet al. (1978 studied
pressure waves in petroleum oils as a function of adiabatiéhe rheological properties of liquid lubricants, with some re-
compressibility. Two years later, Matteson and Vo940 sults involving ultrasonic speed and absorption. In 1990,
experimentally measured the the speed of sound in thirtjgerthe and VergngBerth and Vergng1990] published a
seven oils at 38 °C and atmospheric pressure, and five oigomprehensive review of high-pressure rheology for high
with a temperature range of 14—99°C and pressures froraressure lubrication, which included some of the results
3.5t0 41.4 MPa. mentioned above.

Barlow and Lamb(1959, (1967, Barlow et al. (1964, Ye et al. (1992h provided an overview of the burgeoning
(19673, (19670, (1972, (1973, used their experimental re- number of experimental studies for ultrasound speed in pure
sults to verify a viscoelastic model based on the parallel ashydrocarbons, and compared the results of these studies with
sociation between a Newtonian fluid impedance and an elaghe values calculated by means of six different equations of
tic solid impedance. In other efforts, Philippaff963 ran  state. Substances studied included linear alkanes frddg
experiments up to 100 MPa on multiple oils and polymersto n-C,s, benzene, toluene, and cyclohexane. ¥eal’s
applying a technique developed by Madd®947. The pres- own previous work studying-decane aneh-hexadecane at
sure influence on viscosity and elasticity parameters wapressures of up to 60 and 70 MPa, respectively, was also
compared, and it was noted that viscoelastic behavior waicluded in the studyYe et al. (1990]. A study of the speed
mainly governed by viscosity variations. Houck and Heyde-of sound in binary mixtures was published separaf&y
mann (1971 (vide infra) studied aviation instrument oil and et al. (19924]. This later work involved experimental deter-
its mixture with 2-methylbutane. Collings and McLaughlin minations of the speed of sound for mixtures at various con-
(1972 reached 0.7 GPa on pure liquids. In the same fre€entrations of methane amdhexadecane, and also of carbon
guency domain60 kHz), Reinet al. (1972 reported good dioxide andn-hexadecane, forming particularly asymmetric
correlation between their ultrasonic results and low shear ratmixtures. Experimentation also included moderately asym-
results for temperatures up to 150°C. Hutton and Phillipametric mixtures ofh-hexane and-hexadecane. Various mix-
(1972 and Huttoret al. (1978 published results obtained in ing rules were tested and, in particular, rules were tested for
shear and in compression on various liquids. The zero frepseudocritical parameters by combination of critical proper-
quency shear viscosity and the infinite frequency sheaties of components. Yet al. (1991 discussed results for
modulus were given as functions of pressure and temperdinary mixtures of methane with hexadecane and carbon di-
ture. oxide with hexadecane.
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Daridon, Lagourette, and Xar{$994) devised an experi- used to evaluate isentropic and isothermal compressibilities.
mental system based on pulse-echo ultrasonics for the detéFhe speed-of-sound measurements, as well as the related
mination of density, ultrasonic speed, and phase equilibriompressibility coefficients, compared well with previous
over a wide range of pressures. This system was particularlgtudies. Daridoret al. (1998¢ studied ultrasonic speed mea-
well suited for investigating the type of high pressure, highsurements under pressure on three reservoir fluids highly dis-
temperature conditions observed in deep oil reservoirs. Resimilar in both composition and nature. The most appropriate
sults were presented for experiments conducted on a binagquation of state—mixing rule combinations were identified
mixture of nitrogen and octane between its saturation predor predicting thermophysical properties of these fluids. Ad-
sure and 100 MPa at temperatures ranging between 30 auiitionally, the influence of the number of cuts and the mode
100 °C. Related work in studying sound speed in liquid andof grouping on speed of sound calculations was examined. A
gas mixtures, including in particular a study of the speed ofomparative analysis between measurement and theory
sound inn-octane, was detailed in Daridéh994). In a sub-  showed that the Lee—Kesler model was very satisfactory at
sequent series of studies, a variety of liquids of interest to theven the highest pressures measured: 120 MPa. Daridon
petroleum industry was studied. Daridenal. (1996 pre- etal. (19983 reported speed of sound measurements for
sented ultrasonic speed measurements in a hyperbaric res#ittee ternary or quaternary synthetic systems over tempera-
voir fluid between its saturation pressure and 120 MPa, in &ires ranging between 20 and 100 °C, and at pressures rang-
range from 40 to 180°C. Daridon, Lagourette, and Labedng up to 150 MPa.

(1996 presented speed of sound measurements on threeFinally, Goold, Bennell and Jone&l996 published a
mixtures of the ternary system methanearbon dioxide study on the effect of pressure and temperature on sound
+normal haxadecane in pressure ranges of 12—70 MPa, arseed measurements in spermaceti oil. Pressure ranges—
in temperature ranges from 40 to 120 °C. These measurdtom 0.1 to 9.1 MPa—simulated those likely to be experi-
ments were used to evaluate the isothermal and isentropRhced by a sperm whale during a dive to 900 m. The speed of
compressibilities up to 70 MPa from lower pressure densitysound was found to increase linearly with increasing pres-
data. sure, and to decrease nonlinearly with increasing tempera-

Daridon and Lagourett€1996 presented results for ultra- ture. There was no sudden change in sound speed as the oll
sonic speeds in a methaheropane- octane ternary mixture changed phase from liquid to solid. A least-squares multiple
up to 100 MPa and at temperatures from 20 to 120 °C, whicpolynomial regression analysis produced a practical equation
allowed evaluation of vapor—liquid phase boundary, andor the prediction of sound speed in spermaceti oil as a func-
density and isothermal compressibility up to 100 MPa fromtion of temperature and pressure
lower pressure data.

Daridon, Lagourette, and Xan€l998 detailed results . . . .
from experiments involving the measurement of ultrasonic 8. Brillouin Scattering Experiments
speed of sound in pressure ranges of 0.1-150 MPa at tem- (1980s through Present )
peratures ranging from 20 to 100 °C in real and a synthetic
heavy cut(petroleum distillation fraction The sound speed The theory of Brillouin scattering from condensed matter
measurements were then used to generate density data i§yavailable in several textbooks and review artic[&erne
integrating the inverse of the square sound speed with reand Pecor&l976; Chu(1974); Boon and Yip(1976; Fluery
spect to pressure. The isentropic compressibility could the@nd Boon(1973; Dil (1982]. In essence, from the analysis
be deduced from the simultaneous knowledge of ultrasoni€f the Rayleigh—Brillouin spectra of scattered light one can
speed and density. Finally, the acoustic measurements wegtermine the following quantity:
used for the indirect determination of the isothermal com-
pressibility. Brillouin shift=Avg==*

In another recent papébaridon, Lagrabette, Lagourette
(1998d] isentropic and isothermal compressibilities werewherevs is the sound speed, is the scattering angle,q is
obtained from ultrasonic speed measurements on two syithe wavelength of the incident light, ang is the index of
thetic systems which were representative of distillation cutgefraction of the medium. Determination of the speed of
with high bubble points T=247 °C andT =300 °C, respec- sound,v4(P), from the above equation is not a simple mat-
tively). The first systeniwith composition expressed in mass ter, since it requires knowledge of(P,T). This latter quan-
fraction) 0.40G3H,g+0.35G 3H 6+ 0.25G4H,,, was inves- ity is itself formidable to find.
tigated at(absolutg pressures ranging from 0.1 to 150 MPa  However, when the incident light beam and the detected
in temperatures ranging from 20 to 100 °C. The second sysscattered light beam are optically arranged symmetric to the
tem, 0.40GHza+0.35GgH3,+0.25GeH,6, Was  investi- scattering volume, the above equation reduces to
gated at pressures up to 100 MPa and at temperatures rang- V3
ing from 20 to 100 °C. Avg= i)\—vs.

Yet another paper in this prolific serig®aridon et al. 0
(1998h] studied the speed of sound in liguidhexane from Through this relationship, the sound speed in a liquid can
20 to 100 °C at pressures up to 150 MPa. The data were thdre readily determined experimentally from Brillouin shifts.

2nyvs
sin(6/2),
Ao
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In one of the earliest works in Brillouin scattering, Stith blends of model oil, each containing a mixturereheptane,
et al. (1974 measured hypersound speeds in carbon disulp-tetradecane, cyclohexane, benzene, and toluene in different
fide, acetone, and benzene at 27 °C with pressure up to 10®lume fractions. Based upon the difference in adiabatic
MPa. For this range the hypersonic speeds in carbon disutompressibility between the two oils, the increase in the
fide and acetone increased linearly with pressure. Similasound velocity with pressur@vhich took a slightly different
results were obtained for benzene below 41 MPa, but théorm in each of the model oilsvas found to be due to the
slope tapered off at higher pressures due to vibrational relaxncrease in the adiabatic bulk modulus of these oil blends.
ation. This early study was furthered by the 1983 work ofThere were no previous experimental results with which
Asenbaum and HochheimdAsenbaum and Hochheimer these findings could have been compared.
(1983], who studied the hypersound velocity and energy Later studies included the pressure dependence of the
relaxation time of benzene as a function of pressure up tgpeed of sound in binary liquids: acetic aeidthanol,
130 MPa, with temperatures from 25 to 70°C. The results-propanok hexane, benzeneacetone, n-propanol
for hypersound velocity were in agreement with the earlier+ toluene, hexaneCCl,, and methanotwater [Bohidar
work of Medina and O'She&l977), while the data for re- (1989h]. Bohidar [(19893, (19890] studied the pressure
laxation time was in good agreement with Einwohner anddependence of hypersonic impedanzg)(and specific heat
Adler's model(1968 for binary collision. ratio () for ten organic liquids, six binary liquids, and two

In the work of Shimizu, Sasaki, and Ishidd987, Bril-  model oils. The study, conducted at 20 °C with pressure from
louin scattering was measured at room temperature in liquid.1 to 80 MPa, found large changes in ba@fand y; there
and solid C$in a diamond anvil cell up to 7000 MPa. In the was no direct correlation found with respect to the associa-
liquid phase, the acoustic velocity and the refractive indexive nature of the liquids. Surprisingly, Bohidar’s study of
were determined as a function: the equation of state wabinary liquids resulted in nearly identical percentage in-
determined to be p=0.206°%*°+1.144(100 MP&P  creases of the hypersonic impedance with pressure, regard-
<1300 MPa) with density in g/cn and the pressurB in |ess of combination or percentage mixture. Very dilute solu-
kbar. This work was followed by that of Brovet al. (1988,  tjons of macromolecules were also studied, including bovine
which investigated the speed of sound and equations of staterum albumin, insulin, and polystyrefRohidar (19899].
for methanol and ethanol in a diamond-anvil cell at pressures Changing focus to other researchers of the time, étea.
up to 6.8 GPa. (1990 studied the LA phonon velocity in methanol at pres-

In a series of studies initiated at the University of Oslo ingres up to 8.4 GPa. The pressure dependence of the LA
the late 1980s, Himadri Bohidar examined the pressurgnhonon lifetimes was obtained from the linewidth of the
dependence of sound velocity for a variety of liquids. Inmeasured Brillouin peaks. From backscattering experiments,

Bohidar etal. (1987, experimental results were least- the normalized phonon attenuation was found to be a de-
squares fitted to a theoretical model for sound speed as &easing function of pressure.

function of pressure, based on a derivation from the modified Nakumura et al. (1991 used the Brillouin scattering

Tait equation: method to determine sound velocities in lubricating oils at
_ 2 pressures above 1 GPa. In the pressure range of this study
vs(P)=Aot AP+ AP%, fluids could no longer be modeled as Newtonian. For lubri-
where Ay=1v, (the sound velocity at 1 barA,/A,=(a  cants with long flexible molecular chain structures, the data
— B10)/2, and A, /Ag= 3 (n+ %) B%— aBro]. (In the latter ~ coincided with Dowson’s equation up to 1 GPa, but the rela-
expressionsS, was the isothermal compressibility at 100 tive density was increased more than expected beyond 1
kPa,n was the index of refraction of the liquid at 100 kPa, GPa. Nakamurat al. (1994 focused on paraffinic oil and
and « the normalized first pressure derivative of the bulknapthenic oil at pressures above 1 GPa using a diamond
modulus) anvil cell with a Brillouin scattering spectra of both 90° and
In a 1988 studyBohidar(19883], the sound velocity was 180°. Another diamond-anvil cell, similar to that of Bohidar,
found to increase by about 35% in carbon tetrachloride, acevas used by Nakamura, Fujishiro and Tam(i8953 to
tic acid, isopropyl alcohol, and ethanol as the pressure wastudy sound speed via Brillouin scattering in alcohols, hydro-
raised from 1 to approximately 82.5 MPa at a temperature o€arbons, and synthetic lubricants under pressures up to 6000
20°C. For benzene, hexane, methanol, and toluene, tHdPa. The sound speed versus pressure relationship for
sound speed increased by about 20% over that range. Theethanol obtained up to the pressure of 6000 MPa was very
maximum increase was 40%, for acetone. The smallest irclose to existing data, with less dispersion. Normal heptane
crease was in water, slightly less than 20%. No specific trendnd methylcyclohexane showed a discontinuity of sound
with respect to the dipole nature of the liqui@ssociated or speed at around 1500 MPa, which was the result of crystal-
nonassociatedwas observed. For all liquids, the sound lization of the sample liquids. With-heptane, sound speeds
speed increased nonlinearly with applied pressure. In Bohief both longitudinal and transverse mode were obtained.
dar’'s next study(1988h, the Brillouin scattering technique Pressure—sound speed relationships of naphthenic oils were
was used to measure the pressure dependence of sound speggdressed by two lines intersecting at about 1000 MPa,
in model oil samplegeach containing 5-hydrocarbon lig- which agrees with the glass transition point of the existing
uids) at 20°C. Experimental results were reported on twodata. In a later studyNakamuraet al. (19958, Brillouin
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scattering spectra and their transverse modes were measurgmling at 0.1, 5, 10, 15, and 20 MPa. The measurements of
for paraffinic and napthenic synthetic lubricants. sound speed in the solutions at the five pressures allowed

Bak and Sooryakumél994) published a Brillouin scatter- determination of the dependence of the sound speed on pres-
ing study involving the pressure dependence of the speed alure with “high accuracy” and calculation of the initial slope
sound in a methanol—ethanol solution. Pressures up to 8A(dc/dp)t. These explicit results were not provided in the
GPa were studied: the results agreed well with estimates eyublished findings, since the focus of the paper was the
perimentally determined by Browet al. (1988 and implic-  strong influence of the character of the solute—solvent inter-
itly determined by Poliaret al. (1982. action on theB/A parameter.

Shimizuet al. (1996 studied the acoustic velocities inde-  In an example involving th8/A’ parameter, earlier work
pendant direction, refractive index, elastic constants, anthvolving ultrasonic speed anB/A’ for 1-propanol were
elastic anisotropy of liquid and solid methane at pressures ufurthered by Hagelbergl970. In this study, conducted at
to 5 GPa. Along a similar vein, Sasaki, Nakashima, and30 °C with a pressure range to 980 MPa, the speed increased
Shimizu (1996 determined the three elastic constants in theand theB/A’ parameter decreased as functions of pressure.
orientationally disordered solid phase of methane. The velocthe results for ultrasonic speed corroborated the earlier work
ity of the slow transverse acoustic mode in {140 direc- of Wilson and Bradley.
tion was found to be insensitive to pressure as compared Zhang and Dunn(1991) pressurized samples of various
with other velocities, which led to the tentative conclusionliquids, including distilled water, 25% dextrose, and ethylene
that the rotation—translation coupling has a strong pressurglycol, to 10 MPa. The speed of sound was measured, and
dependence. then the pressure vessel was allowed to rapidhi () de-

pressurize to approximate an adiabatic process. The change
. in speed so determined was used to calculatd@ti#evalues,
9. Thermodynamic Methods which were published in tabulated form. Experimentally de-
of B/A Measurement termined sound speeds as a function of pressure and calcu-
lated values for {c/ dp)+ were not provided in the published

The nonlinearity parametd/A can be expressed through results.
thermodynamic expansion as the sum of two tefBeyer An interesting method using an acoustic interferometer
(1960]: a pressure derivative termB(A)’, which is the was used to measure the small changes in sound speed that
dominant part of the expression, and a temperature derivativdccompany a rapid hydrostatic pressure change of between 1

term (B/A)” and 2 atm was developed by Everbach and Apie€l95.
B Jc BTpo | oc B’ B A\_/erag_e accuracies of 0.85% were fouqd to be attainable
_:poco(_) + po(_) :(_) +<_> with this method. The acoustic nonlinearity paramezéA
A Py Cp \OT p A A of several aqueous buffers, protein solutions, lipid oils, and

emulsions was reported, with some intermediate valees,
density and sound speerkported as a function of tempera-
ture, but not of pressure.

Here, po is the undisturbed density, is the speed of
sound at specified conditionsgd/dp)+ is the change of
sound speed with pressure at constant temperafui® the
volume coefficient of thermal expansiom,is the absolute
temperatureg, is the specific heat at constant pressure, and ~ 10. Conclusions and Further Work
(9c/dT), is the change of sound speed with temperature at
constant pressure. The method of measurement based on thisThe study of acoustic parameters as a function of pressure
equation was first suggested by Coppenal. (1965 for use  has found great and continually increasing use in providing
with liquids. for convenient and highly accurate methods of obtaining pa-

Of interest to this review, thedt/dp); term has been rameters such as compressibility and specific heat. Data so
measured in a variety of liquids pursuant to the calculation obbtained are relevant to a broad spectrum of disciplines, in-
the B/A parameter. It is regrettable that, although measureeluding petroleum and mechanical engineering, oceanogra-
ments are taken of sound speed as a function of pressure iy, medicine, tribology, and basic physics and chemistry.
many of these experiments, the results are rarely tabulated asMany studies of ultrasonic speed and absorption as a func-
such. Instead, either a singléd/Jp); term, or the final cal- tion of pressure, particularly those prior to roughly 1970,
culatedB/A value itself, is published from experimentally suffered from poor theoretical understanding of liquida-
obtained results. As such, only an introduction to the broadleed, although theoretical knowledge is improving, there is
range ofB/A parameter literature is provided here. still a problem in this area.Experimental values received

A good representative work in this area is that of Sar-from the mid 1950s on could be profitably reanalyzed in
vazyan, Chalikian, and Dunf1990. In this study, a preci- light of a more modern understanding of liquids. As the com-
sion ultrasonic velocimeter and a new differential method ofpanion review[Oakley et al. (2003 ] explains, even today
calculation of specific concentration increments were emthere is a lack of a unified theory for experimental results
ployed to study the nonlinear acoustic properties of aqueousivolving the speed of sound in organic liquids.
solutions of ten amino acids and six proteins. Values of Reviews of the various types of instrumentation used in
A(dclap)+ were determined by measurimg(the speed of the studies mentioned in this paper would be very valuable.
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Such a study could point out the advantages and disadvaportant insights in the characterization of liquids. It is also a
tages of the many different devices and techniques currentlgroad and sweeping subject that covers a startling variety of
(and previouslyin use, with an aim of clarifying the devices materials, methods, and insights. It is hoped that this review
and techniques that might be appropriate to different pressumill provide a coherent framework for this complex subject
regimes and different liquids under study¥he single such area from which even more fruitful future studies may grow.
review in the literaturg Takagi(19944a], is in Japanesg.

In many common liquids, ultrasonic parameters such as
sound speed and absorption are not exceptionally sensitive to 11. List of Terms
the absolute hydrostatic pressure of a liquid. Sound speed
generally increases with increasing pressure, while absorp- 1/dv 1({dp
tion decreases with increasing pressure. Relaxation freﬁzz(ﬁ) - _;(ﬁ
guency however, can increase, decrease, or remain un- P
changed as a function of pressure depending upon the 1/ v 1/ dp
relaxational mechanism. It should be noted that many of th&T= — ;(ﬁ) - ;(ﬁ)
studies cited in this review were conducted at isolated ultra- T

) = coefficient of thermal expansion,
P

=isothermal compressibility
T factor,

sonic frequencies between 2 and 10 MHz. It may be appro- 1/ av 1{ap
priate for some substances to conduct further studies at difes= — ;<a_P) :_(ﬁ =adiabatic compressipility f_actor
fering frequencies: it would be very interesting in many s P s (bulk modulus for adiabatic
cases to know the speed of sound, for example, as both a _ compression),
function of pressure and a function of frequency. p = density,

Many substances, particularly substances common in bio¥ = Cp/Cy,

specific heat at constant pressure, and

logical processes, have not been investigdtdacDonald  Cep i
specific heat at constant volume.

(1997]. Human platelets, for example, appear to “detect” Cv
hydrostatic pressures of 26 kPa: such a pressure enhances the
release of platelet factor 4 and betathromboglobulin, and in-
creases the formation of malondialdehydd@orsellini 12. Acknowledgments
(1984)]. These supremely pressure sensitive substances indi-
cate that perhaps as common a substance as blood itself mayThe comments and recommendations of Dr. J.P.M. Trusler,
display very interesting acoustical properties as a function obr. Dipen Sinha, Dr. Toshiharu Takagi, Dr. Jean luc Daridon,
pressure. Dr. B. Lagourette, and Dr. Roman Dembinski are deeply
Along these lines, the determination of the acoustic nonappreciated. Thanks are also given for the assistance of
linearity parameterg/A), which is frequently determined in Michael Latcha, Jeffrey Peters, and Kris Allen. The support
connection with biological materials, may hold relevant andof the DeVlieg Foundation, the NASA/Michigan Space
useful results. It would be of great value to see tabulatedsrant Consortium, and the Haas Fund of Mt. Sinai Hospital
results for sound speed as a function of pressure provided im Cleveland is gratefully acknowledged. This work was sup-
future studies on the subject. ported in part through National Science Foundation Grant
The study of acoustical parameters as a function of prefNo. 9977859 and through a grant from the NASA/Michigan
sure is a fundamentally important topic that has led to im-Space Consortium.
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by in®stigatotaining experimental results
(experimental frequencies noted where availpble

Investigatofs) Pressure
Liquid Focus Temperature range Technique
Acetaldehyde Eden and Richardsofi960 0.1-55 MPa ultrasonic pulse
(CH;CHO) sound speed, attenuation 8-15°C (3 MHz)
Acetic acid Litovitz and Carnevalé1958 155 MPa(only) pulse echo
(CH3COOH) absorption, relaxation frequency, sound speed 50°C (2.4 MH2)

Acetic acid+ethanol
(CH;CO,H+ CH5CH,0OH)

Acetone
(CH3;COCH;)

Acetonet-benzene
(CH3COCH;+ CgHg)

Bohidar (1988a
impedance

Bohidar(1989a
impedance

Bohidar(1988h
sound speed

Bohidar(1989h
sound speed

Bohidar (19893
impedance

Eden and Richardsof1960
sound speed, attenuation

Stith et al. (1974
sound speed

Ismagilov and Ermakoy1982

sound speed

Bohidar(1988a
sound speed

Bohidar (19893
impedance

Bohidar (19890
sound speed

Bohidar(1989a
impedance

Albumin (bovine serum, in dilute solution Bohidar (19899

Amyl propionate
(CoHsCO,CsH1)
Aniline
(CeHsNH,)

Aniline+benzene
(CeHsNH, + CgHg)

Aniline+chlorobenzene
(CgH5NH, + CgH5Cl)

Aniline+nitrobenzene
(CgHsNH, 4+ CgHsNO,)

Aniline+toluene
(CgHsNH,+ CsHs5CH,)

sound speed

Guseinov and Klimovad1983
sound speed

Swanson1934
sound speed

Takagi(1976
sound speed

Takagi(1980a
sound speed

Takagi(1980a
sound speed

Takagi(1978b
sound speed

Takagi and Teranishil9859
sound speed
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0.1-80 MPa
20°C

0.1-80 MPa
20°C
0.1-82.5 MPa
20°C
0.1-82.5 MPa
20°C

0.1-80 MPa
20°C

0.1-55 MPa
20°C, 30°C, and
40 °C

0.1-100 MPa
2°C

0.1-2.5 MPa
114-177 °C
0.1-82.5 MPa
20°C

0.1-80 MPa
20°C
0.1-82.5 MPa
20°C

0.1-80 MPa
20°C
0.1-82.5 MPa
20°C

0.1-50 MPa
—63-97°C

0.1-28.2 MPa
23.7°C

0.1-210 MPa
10-60°C

0.1-207 MPa
25°C
0.1-207 MPa
25°C
0.1-210 MPa
30°C

0.1-180 MPa
30°C

Brillouin scattering

Brillouin scattering

Brillouin scattering

Brillouin scattering

Brillouin scattering

ultrasonic pulse
(3 MH2)

Brillouin scattering
pulse echo

(2.5 MH2)

Brillouin scattering

Brillouin scattering

Brillouin scattering

Brillouin scattering

Brillouin scattering

pulse echo

interferometer
(197.7 kH2

ultrasonic pulse
(1 MHz)

pulse echo
(1 MHz)

pulse echo
(1 MHz)

pulse echo
(1 MHz)

ultrasonic pulse
(1 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatotaining experimental results

(experimental frequencies noted where availpbl€ontinued
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Liquid

Investigatofs)
Focus

Pressure

Temperature range

Technique

Aroclar 1254(58% pentachlorobi-

phenyl and 42% other chlorinated biphenyls

Benzene
(CeHe)

m-bis (m-phenoxy phenoxybenzene

(CaoH2204)

Hutton et al(1978

absorption, sound speed, viscoelasticity

Swanson(1934
sound speed

Biquard (1938
sound speed

Biquard (1939
sound speed

Mifsud and Nolle(1956

0.1-260 MPa
—87 to 90°C

0.1-34.3 MPa
255°C

6.6-54 MPa
18.5-20°C

6.6-54 MPa
18.5-20°C

0.1-138 MPa

sound speed, absorption, relaxation frequenc5 and 50 °C

Richardson and Tait1957)
sound speed, absorption

Makita and Takagi{1968
sound speed

Collings and McLaughli(1970
viscosity

Stith et al. (1974
sound speed

Otpushchennikoet al. (19743
sound speed

Medina and O’She#&1977)
sound speed

Bobik (1978
sound speed

Pevnyi and Otpuschennika1980a
sound speed

Ismagilov and Ermakoy1982
sound speed

Asenbaum and Hochheimét983
sound speed

Takagi and Teranishi19849
sound speed

Melikhov (1985
sound speed

Sunet al. (1987
sound speed

Takagi and TeranisHil987a
sound speed

Bohidar(1988a
sound speed

Bohidar (19893
impedance

Takagim(1994)
sound speed

Bezotet al. (1986
viscoelastic parameters

0.1-68.9 MPa
19-40°C

0.1-253 MPa
10 and 70 °C

0.1-17.2 MPa
30-50°C

0.1-100 MPa
27°C

0.1-100 MPa
50-90°C

0.1-328 MPa
25-75°C

0.1-62 MPa,
10-190°C

5.1-51 MPa
52°C

0.1-2.5 MPa
120-194°C

0.1-130 MPa
25-70°C

0.1-160 MPa

20, 25, and 30°C

0.1-300 MPa
30-120°C

0.1-170 MPa
10-50°C

0.1-200 MPa
10-50°C

0.1-82.5 MPa
20°C

0.1-80 MPa
20°C
0.1-200 MPa
10-50°C

0.1-300 MPa
20-60°C

ultrasonic pulse
(5—78 MH2

interferometer
(193.7 kH2

diffraction of light by ultrasound
(10 MH2z)

diffraction of light by ultrasound
(10 MHz)

pulse echo
(5.0 MH2)

ultrasonic pulse
(3 MHz)

ultrasonic pulse
(1 MHz)

torsional vibrating quartz
(39 kH2

Brillouin scattering

ultrasonic pulse
(1 and 3.5 MHz

Brillouin scattering

pulse echo
(2 MHz)

ultrasonic pulse
(1 and 10 MHz

pulse echo
(2.5 MH2)

Brillouin scattering

pulse echo
(2 MHz)

pulse echo
(4 MHz)

pulse echo
(2 MHz)

pulse echo
(2 MH2)

Brillouin scattering

Brillouin scattering

pulse echo
(2 MH2)

light scattering and
ultrasonic technique
(1 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Benzeneg-acetone Bohidar (1989h 0.1-82.5 MPa Brillouin scattering
(CgHg+ CH3COCHy) sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Benzene-aniline Takagi(1980a 0.1-207 MPa pulse echo
(CgHe+ CgHsNH,) sound speed 25°C (1 MHz)
Benzene-bromobenzene Takagi and Teranishi1982a 0.1-200 MPa ultrasonic pulse
(CgHg+ CsH5BI) sound speed 30°C (1 MHz)
Benzene-chlorobenzene Takagi and Teranishil982a 0.1-200 MPa ultrasonic pulse
(CgHg+ CsH5ClI) sound speed 30°C (1 MHz)
Benzene-cyclohexane Takagi and TeranisHi1980b 0.1-200 MPa ultrasonic pulse
(CeHe+CgH1o) sound speed 30°C (1 MHz)
Benzene-nitrobenzene Takagi and Teranishi1982h 0.1-200 MPa pulse echo
(CgHg+ CsH5NO,) sound speed at 30 °C (1 MHz)
30 MPa
at 20—-40°C
Benzene-toluene Takagi(19789 0.1-200 MPa ultrasonic pulse

(CgHg+ CgH5CH) sound speed 20, 30, and 40°C (1 MHz)
Benzene&-an isomeric xylene Takagi (1981 0.1-200 MPa ultrasonic pulse
(CeHg+ CeH4(CHg) ) sound speed 30°C (1 MHz)
Benzene-o-xylene Takagi(19789 0.1-200 MPa ultrasonic pulse

(CeHg+ CsH4(CHs),) sound speed 20, 30, and 40°C (1 MHz)
Benzonitrilet+ nitrobenzene Takagi and Teranishi1988a 0.1-100 MPa pulse echo
(CsH5N+ CgHs5NO,) sound speed 25 and 30 °C (2 MHz)
Bromobenzene Eden and Richardsof1960 0.1-55 MPa ultrasonic pulse
(CgHsBI) sound speed, attenuation 22°C (3 MHz)
Bromobenzeneébenzene Takagi and TeranisHil982a 0.1-200 MPa ultrasonic pulse
(CgHsBr+CgHg) sound speed 30°C (1 MHz)
Bromobenzene chlorobenzene Takagi and Teranishil984h 0.1-200 MPa ultrasonic pulse
(CgHsBr+CgHsCl) sound speed 30°C (1 MHz)
n-Butane Niepmann(1984) coexistence line topulse echo
(C4Hq9) sound speed 60 MPa (2 MHz)
—73 to 102°C
iso-Butanol Shoitov and Otpushchennikde968 0.1-50 MPa pulse echo
(CHz(CH,),CH,OH) sound speed 50-110°C (1 MHz)
n-Butanol Carnevale and Litovit£1955 0.1-196 MPa pulse echo
(CHz(CH,),CH,OH) absorption, sound speed 0-45°C (25 MHz)
Wilson and Bradley(1964) 0.1-96 MPa ultrasonic pulse
sound speed 0-60°C (5 MHz)
Shoitov and Otpushchennikdt968 0.1-50 MPa pulse echo
sound speed 50-110°C (1 MHz)
Hawley et al. (1970 0.1-489 MPa pulse echo
sound speed, absorption 30°C (22 MHz region
Sysoev and Otpuschennik@¥976a 0.1-860 MPa pulse echo
sound speed 30°C (4 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results
(experimental frequencies noted where availpbl€ontinued

Liquid

Investigatofs)
Focus

Pressure

Temperature range

Technique

n-Butyl acetate
(CH;COOCH,CH(CHy),)

Butylbenzene
(CH3(CH;)3CsHs)

Butylphenyl ether
(C4Hg0OCsHs)

Carbon dioxide

(CO,) (liquid)

Carbon dioxide- n-hexadecane
(CO,+CygH3y)

Carbon dioxide(gag
+n-hexadecandliquid)
+methane(gas
(CO,+CygHagt CHy)

Carbon disulfide

(CS)

Carbon tetrachloride
(CCly)

Sysoevet al. (1976
sound speed

Sysoevet al. (1976
sound speed

Sysoev and Otpuschennik@¥977)
sound speed

Pevnyi and Otpuschennika\1980a
sound speed

Nomuraet al. (1972
sound speed/A parameter

Makhnoet al. (1985
sound speed

Pevnyi and Otpuschennikd1981)
sound speed

Richardson and Tait1957)
sound speed, absorption

Ye et al. (1991
sound speed

Ye et al. (19923
sound speed

Daridonet al. (1996
sound speed

Swanson(1934
sound speed

Mifsud and Nolle(1956
sound speed, absorption,
relaxation frequency

Litovitz et al. (1957);

results also referred

to in Litovitz (1957, and

Litovitz and Carnevalé1958);
absorption, relaxation frequency,
sound speed

Stith et al. (1974
sound speed

Shimizuet al. (1987
sound speed

Swanson(1934
sound speed

Biquard (1938
sound speed

Biquard (1939
sound speed

Mifsud and Nolle(1956
sound speed, absorption,
relaxation frequency

0.1-911 MPa

17.2 and 150 °C

0.1-861 MPa
20-150°C

0.1-861 MPa
17-150°C

0.1-709 MPa
20-250°C

0.1-30.3 MPa
5-35°C

0.1-245 MPa
40-180°C

0.1-800 MPa
20-250°C

6.9-20.7 MPa
19°C

5-50 MPa
20-60°C

0.1-70 MPa
20-60°C

12-70 MPa
40-120°C

0.1-21.4 MPa
235°C

0.1-138 MPa
25 and 50 °C

0.1-98 MPa
—-29°C

0.1-100 MPa
27°C

0.1-7000 MPa
27°C

0.1-21.2 MPa
23.0°C
25.7-56.0 MPa
18°C
25.7-62.1 MPa
18°C

0.1-138 MPa
25 and 50 °C

ultrasonic pulse

pulse echo

pulse echo
(4 MHz)

ultrasonic pulse
(1 and 10 MHz

ultrasonic interferometer
(4 MHz)

pulse echo
(2 MH2)

pulse echo
(2 MHz)

ultrasonic pulse
(1 MHz)

pulse echo
(5 MHz)

pulse echo
(5 MHz)

pulse echo
(2 MHz)

interferometer
(193.9 kH2

pulse echo
(2.0 MH2)

pulse echo
(1575 MH2

Brillouin scattering

Brillouin scattering

interferometer
(197.8 kH2

diffraction of light by ultrasound
(10 MH2)

diffraction of light by ultrasound
(10 and 6.92 MH}

pulse echo
(4.85 and 10 MHx
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure

Liquid Focus Temperature range  Technique
McSkimin (1957 0.1-145 MPa ultrasonic pulse
sound speed, absorption 5.6-50°C (20 MHz)
Richardson and Tait1957) 0.1-68.9 MPa ultrasonic pulse

sound speed, absorption

15.5, 25, and 40 °C

(3 MHz)

Makita and Takagi{1968 0.1-253 MPa ultrasonic pulse

sound speed 10 and 70 °C (1 MHz)

Hawley et al. (1970 0.1-288 MPa pulse echo

sound speed, absorption 30 and 75 °C (13.4 MHz region

Collings and McLaughli(1970 0.1-17.2 MPa torsional vibrating quartz

viscosity 30-50°C (39 kH2)

Bobik et al. (1979 coexistence region pulse echo

sound speed to 62 MPa (2 MHz)

-8 to 162 °C

Sysoev and Otpuschennik@¥979 0.1-506 MPa ultrasonic pulse

sound speed 20-180°C (5 MHz)

Lainezet al. (1987 0.1-55 MPa pulse echo

sound speed 56-136 °C (3 MHz)

Bohidar (1987 0.1-80 MPa Brillouin scattering

sound speed 50.5°C

Bohidar(1988a 0.1-82.5 MPa Brillouin scattering

sound speed 20°C
Carbon tetra-chloride hexane Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(CCly+CgH1y) sound speed 20°C

Bohidar(1989a 0.1-80 MPa Brillouin scattering

sound speed 20°C
Chlorobenzene Eden and Richardsofi1960 0.1-55 MPa ultrasonic pulse
(CgHsCI) sound speed, attenuation 22°C (3 MHz)

Takagi(19795 0.1-210 MPa ultrasonic pulse

sound speed 10-60°C (1 MHz)
Chlorobenzeng¢ aniline Takagi(1980a 0.1-207 MPa pulse echo
(CgH5Cl+ CgHsNH,) sound speed 25°C (1 MHz)
Chlorobenzen¢benzene Takagi and Teranishil982a 0.1-200 MPa ultrasonic pulse
(CeH5Cl+ CgHg) sound speed 30°C (1 MHz)
Chlorobenzené bromobenzene Takagi and Teranishi1984h 0.1-200 MPa ultrasonic pulse
(CgH5Cl+ CgHsBr) sound speed 30°C (1 MHz)
Chlorobenzeng nitrobenzene Takagi and Teranishil984a 0.1-200 MPa pulse echo
(CgH5Cl+ CgHs5NO,) sound speed 20-40°C (1 MHz)
Chlorodifluoro-methane Niepmannet al. (1987 coexistence line pulse echo
(CHCIR,) sound speed to 60 MPa (2 MHz)

—73 to 147 °C

Chloroform Swanson(1934) 0.1-20.7 MPa interferometer
(CHCl,) sound speed 22.7°C (196.5 kH2
Cyclohexane Eden and Richardsof1960 0.1-28 MPa ultrasonic pulse
(CgH12) sound speed, attenuation 19°C (3 MHz)

Collings and McLaughlif1970 0.1-7.8 MPa torsional vibrating

viscosity 30-50°C quartz

(39 kH2)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Takagi(1976 0.1-210 MPa ultrasonic pulse
sound speed 10-60°C (1 MHz)
Melikhov (1985 0.1-300 MPa pulse echo
sound speed 30-150°C (4 MHz)
Sunet al. (1987 0.1-80 MPa pulse echo
sound speed 10-50°C (2 MH2)
Cyclohexane-benzene Takagi and TeranisHi1980h 0.1-200 MPa ultrasonic pulse
(CeH1ot+CgsHg) sound speed 30°C (1 MH2)
Decalin Tsydypov and Otpushchennik@®981) 0.1-250 MPa ultrasonic pulse
CyoH1s sound speed 17-177°C (1 MHz)
n-Decane Badalyanet al. (1970 0.1-118 MPa ultrasonic pulse
(CioH20) sound speed 30-140°C (2 MHz)
Melikhov (1985 0.1-300 MPa pulse echo
sound speed 30-120°C (4 MHz)
Ye et al. (1990 0.1-60 MPa pulse echo
sound speed, attenuation 30-140°C (5 MHz)
n-Decane-n-hexane Takagi and Teranishil985h 0.1 MPa up to pulse echo
(CiHoot+ CsH1a) sound speed freezing line or (2 MHz)
100 MPa
25°C
n-Decane-n-tetradecane Takagi and TeranisHil985h 0.1 MPa up to pulse echo
(CigHzo+ CiaHzg) sound speed freezing line or (2 MHz)
100 MPa
25°C
1-Decene Badalyanet al. (1972 0.1-118 MPa ultrasonic pulse
(CyoH20) sound speed 30-140°C (2 MHz)
Melikhov (1985 0.1-300 MPa pulse echo
sound speed 31-120°C (4 MHz)
1-Decanol Sysoev(1977) 0.1-101 MPa pulse echo
(CiH20) sound speed 20-200°C (5 MHz)
Diallyl ether Pevnyi(1983 0.1-800 MPa ultrasonic pulse
(CgH100) sound speed 50-170°C (2 MHz)
Dibutyl ether Pevnyi and Otpuscheniko\1980hH 0.1-811 MPa pulse echo
(CgH1g0) sound speed 20-170°C (2 MHz)
Dichloromethane Niepmannet al. (1987 coexistence line pulse echo
(CH,CI,) sound speed to 60 MPa (2 MHz)
—73 to 147°C
Takagi(19943 0.1-50 MPa pulse echo
sound speed 25-80°C (2 MHz)
1,1-Dichloro-1-fluoroethane Takagi and Hond®93 0.1-50 MPa pulse echo
sound speed 10-100 °C (2 MHz)
1,1-Dichloro-2,2,2-trifluoroethane Taka@i991) 0.1-75 MPa pulse echo
sound speed 10-100°C (2 MHz)
1,2-Dichloro-1,2,2-trifluoroethane Takaei al. (1992 0.1-75 MPa pulse echo
sound speed 10-100°C (2 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Dichlorotetra-fluoroethanéR114) Takagi and TeranisHil986 saturated vapor pulse echo

(CCIF,—CCIF2)

sound speed

pressure to 50 MPa (2 MHz)

10-50°C
Diethyl ether Sysoev and Otpuschennik@¥979 0.1-506 MPa ultrasonic pulse
(C4H10) sound speed 17.5-250°C (5 MHz)
Di (2-ethylhexy) phthalate Barlow et al. (1972 0.1-1400 MPa torsional vibrating quartz
(Ca4H3g04) shear mechanical resistance 30°C (10 and 30 MHz

Hutton and Phillipg(1972
high frequency, shear modulus

Hutton et al. (1978

0.1 to 815 MPa
—-30 to 30°C

0.1 to 815 MPa

ultrasonic pulse
(18-78 MH32

ultrasonic pulse

absorption, sound speed, —87 to 90°C (5-78 MH2
viscoelasticity
Di (2-ethylhexy) phthalate with 1% Huttonet al. (1978 0.1-500 MPa ultrasonic pulse
styrene-ethylene-propylene block copolymer absorption, sound speed —56 to 23°C (5-75 MH2
(SEP
Difluoromethang HFC-32 Takagi(1993 saturated vapor pulse echo

(CH,F,) sound speed pressure to 35 MPa (2 MHz)

—30 to 100°C
2,2-Dimethyl-propane Lainez et al. (1990 0.1-54 MPa pulse echo
(CsHyo) sound speed —10 to 160 °C (3 MH2)
Dipropy! ether Pevnyi and Otpuschenikoi1980hH 0.1-811 MPa pulse echo
(CgH140) sound speed 20-170°C (2 MHz)
Di-iso-propyl ether Pevnyi and Otpuschenikoi1980hH 0.1-811 MPa pulse echo
(CgH140) sound speed 20-170°C (2 MHz)
Dodecane Boelhouwer(1967) 0.1-140 MPa pulse echo
(CioHae) sound speed —20 to 200°C (2 MHz)

Melikhov (1985 0.1-600 MPa pulse echo

sound speed 30-160°C (4 MHz)
n-Dodecane-n-octane Takagi and TeranisHil985h 0.1 MPa up to pulse echo
(CyioHoet+ CgHyg) sound speed freezing line or (2 MHz)

100 MPa

25°C
1-Dodecanol Sysoev and Otpuschennik@¥979 0.1-507 MPa ultrasonic pulse
(C1oH,60) sound speed 30-200°C (5 MHz)

Epoxy resin MY 750 Hutton et al. (1978 0.1-600 MPa ultrasonic pulse
(liquid) absorption, sound speed, —4 to 70°C (5-75 MH2
viscoelasticity
Ethanol Carnevale and Litovitz1955 0.1-196 MPa pulse echo
(C,H50H) sound speed, absorption 30°C (45 MHz)
Eden and Richardsof1960 0.1-69 MPa ultrasonic pulse
sound speed, attenuation 20°C (3 MHz)
Wilson and Bradley(1964) 0.1-96 MPa ultrasonic pulse
sound speed 0-60°C (5 MHz)
Hawley et al. (1970 0.1-479 MPa pulse echo
sound speed, absorption 30°C (31 MHz region
Sysoevet al. (1976 0.1-990 MPa ultrasonic pulse
sound speed 0 and 50 °C
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results
(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Bohidar(1988a 0.1-82.5 MPa Brillouin scattering
sound speed 20°C
Brown et al. (1988 0.1-6800 MPa Brillouin scattering
sound speed
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Fujishiro et al. (1992 0.1-6000 MPa Brillouin scattering
sound speed 19-23°C
Nakamuraet al. (19953 0.1-2400 MPa Brillouin scattering
sound speed 26°C
Ethanokl-acetic acid Bohidar(1988h 0.1-82.5 MPa Brillouin scattering
(CH;CH,OH+ CH3;CO,H) sound speed 20°C
Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Ethanok-methanol Bak and Sooryakum&1994) 0.1-8100 MPa Brillouin scattering
(CH;CH,OH+ CH30H) sound speed 25°C
Ether Swanson(1934 0.1-9.4 MPa interferometer
(C,H50C,H5) sound speed 23.6°C (196.6 kH2
Richardson and Tait1957) 0.1-62 MPa ultrasonic pulse
sound speed, absorption 16-44°C (3 and 12 MHz
bis(m-(m-phenoxy phenoxy-phenyl Barlow et al. (1972 0.1-300 MPa torsional vibrating quartz
Ether (GgH2¢Os) shear mechanical resistance 30°C (10, 30, and 450 MHg
Ethyl acetate Nomuraet al. (1971 0.1-30.3 MPa ultrasonic interferometer
(C4Hg0Oy) sound speed3/A parameter 5-35°C (4 MHz)
Ethyl ether Ismagilov and Ermakoy1982 0.1-2.5 MPa pulse echo
(C4H10) sound speed 89-138°C (2.5 MH2)
Eugenol Hawley et al. (1970 0.1-381 MPa pulse echo
(C1oH1207) sound speed, absorption 30°C (4.5 and 13.5 MHz regions
Fluorobenzene Eden and Richardsofi1960 0.1-55 MPa ultrasonic pulse
(CgHsF) sound speed, attenuation 22°C (3 MHz)
Glycerol Richardson and Tait1957) 0.1-68.9 MPa ultrasonic pulse
(C3HgO3) sound speed, absorption 23°C
Litovitz et al. (1957); 0.1, 100 MPa pulse echo
results also referred to in 0°C (17-75 MH2
Litovitz and Carnevalé1958
absorption, relaxation frequency
n-Heptane Boelhouwer(1967 0.1-140 MPa pulse echo
(CiH4p) sound speed —20 to 200°C (2 MHz)
Takagi(1978a 0.1-210 MPa pulse echo
sound speed 10-60°C (1 MHz)
Muringer et al. (1985 0.1-263 MPa pulse echo
sound speed —881037°C (2 MHz)
Melikhov (1985 0.1-600 MPa pulse echo
sound speed 30-160°C (4 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results
(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Nakamuraet al. (19953 (1995h 0.1-6000 MPa Brillouin scattering
sound speed 26 °C
1-Heptanol Sysoev and Otpuschennik@¥979 0.1-811 MPa ultrasonic pulse
(C;H4¢0) sound speed 15-180°C (5 MHz)
Hexadecane Boelhouwer(1967) 0.1-140 MPa pulse echo
(CigHzs) sound speed —20 to 200°C (2 MHz)
n-Hexadecane Ye et al. (1990 0.1-70 MPa pulse echo
(CreHsg) sound speed, attenuation 30-120°C (5 MHz)
n-Hexadecane carbon dioxide Ye et al. (1991) 5-50 MPa pulse echo
(CieH34+COy) sound speed 20-60°C (5 MHz)
Ye et al. (19923 0.1-70 MPa pulse echo
sound speed 20-60°C (5 MHz)
n-Hexadecane n-hexane Ye et al. (19923 0.1-70 MPa pulse echo
(CigH3za+CsH1a) sound speed 25.2-100°C (5 MHz)
Hexadecan¢ methane Ye et al. (1991 5-60 MPa pulse echo
(CigHzat+CH,) sound speed 20-140°C (5 MHz)
Ye et al. (19923 8.5-66.2 MPa pulse echo
sound speed 19-140°C (5 MHz)
n-Hexadecane methane(gas Daridonet al. (1996 12-70 MPa pulse echo
and carbon dioxidégas sound speed 40-120°C (2 MHz)
(CygHast CHy+COy)
Hexane Boelhouwer(1967) 0.1-140 MPa pulse echo
(CeH1a) sound speed —20 to 200°C (2 MHz)
Bohidar(1988a 0.1-82.5 MPa Brillouin scattering
sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
n-Hexane Eden and Richardsof1960 0.1-55 MPa ultrasonic pulse
(CgH1a) sound speed, attenuation 20 and 37 °C (3 MHz)
Hawley et al. (1970 0.1-392 MPa pulse echo
sound speed, absorption 30°C (31.5 MH2
Allegra et al. (1970 0.1-981 MPa pulse echo
sound speed, absorption 30°C (12—-40 MH2
Melikhov et al. (1976 10-300 MPa pulse echo
sound speed 30-120°C
Takagi(1978a 0.1-210 MPa pulse echo
sound speed 10-60°C (1 MHz)
Kagramanyan and Badalydh978 0.1-203 MPa pulse echo
sound speed 30-100°C (2.8 MH2
Melikhov et al. (1979 0.1-588 MPa pulse echo
sound speed 30-150°C (1-5 MH2
Ismagilov and Ermakoy1982 0.1-2.5 MPa pulse echo
sound speed 111-186 °C (2.5 MH2)
Melikhov (1985 0.1-600 MPa pulse echo
sound speed 30-150°C (4 MHz)
Daridonet al. (1998h 0.1-150 MPa pulse echo
sound speed 20-100°C (3 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

1523

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
n-Hexanern-decane Takagi and Teranishil985h 0.1 MPa up to pulse echo
(CeH 14+ CigHoo) sound speed freezing line or (2 MHz)

100 MPa
25°C

n-Hexanern-hexadecane Ye et al. (19923 8.5-66.2 MPa pulse echo
(CeH1at+CigHza) sound speed 19-140°C (5 MHz)
Hexanet-n-proponal Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(CgH14+ C5H,OH) sound speed 20°C

Bohidar(1989a 0.1-80 MPa Brillouin scattering

impedance 20°C
Hexanet-carbon tetrachloride Bohidar (1989h 0.1-82.5 MPa Brillouin scattering
(CgH14+CCly) sound speed 20°C

Bohidar(1989a 0.1-80 MPa Brillouin scattering

impedance 20°C
n-Hexanol Sysoev and Otpuschennik@¥979 0.1-811 MPa ultrasonic pulse
(CgH10) sound speed 15-180°C (5 MHz)

Pevnyi and Otpuscheniko\1980h 0.1-811 MPa pulse echo

sound speed 20-170°C (2 MHz)
lodobenzene Eden and Richardsof1960 0.1-55 MPa ultrasonic pulse
(CgHsl) sound speed, attenuation 22°C (3 MHz)
Insulin Bohidar (19899 0.1-82.5 MPa Brillouin scattering
(dilute solutiorn) sound speed 20°C
Methane Lacam(1956 0.1-111 MPa diffraction of light by ultrasound
(CH,) sound speed 200°C (500 kH2)

Van ltterbeeket al. (1967 0.1-20 MPa pulse superposition

sound speed —182 to —82°C

Biswas and ten Seldaiti992 100-1000 MPa pulse echo

sound speed —125 to 25 °C

Shimizuet al. (1996 0.1-5000 MPa Brillouin scattering

sound speed 27°C

Sasakiet al. (1996 0.1-5000 MPa Brillouin scattering

sound speed 27°C
Methanerhexadecane Ye et al. (1991) 5-60 MPa pulse echo
(CHy+ CigH3a) sound speed 20-140°C (5 MHz)

Ye et al. (19923 8.5-66.2 MPa pulse echo

sound speed 19-140°C (5 MHz)
Methane(gas +hexadecane Daridonet al. (1996 12-70 MPa pulse echo
(liquid)+carbon dioxide(gas sound speed 40-120°C (2 MHz)
(CH,+CyeHas+COy)
Methane (CH), gaseousoctane Daridon and Lagourett€1996 25-100 MPa pulse echo
(CgH1g) +gaseous propane sound speed 22-100°C (3 MHz)
(C3Hg) in ternary mixture
Methanol Carnevale and Litovit21955 0.1-196 MPa pulse echo
(CH;0H) absorption, sound speed 30°C (45 MHz)

Eden and Richardsof1960 0.1-69 MPa ultrasonic pulse

sound speed, attenuation 20°C (3 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Wilson and Bradley1964) 0.1-96 MPa ultrasonic pulse
sound speed 0-60°C (5 MHz)
Hawley et al. (1970 0.1-413 MPa pulse echo
sound speed, absorption 30°C (31 MHz region, 40.7 MHg
Bohidar(1988a 0.1-82.5 MPa Brillouin scattering
sound speed 20°C
Brown et al. (1988 0.1-6800 MPa Brillouin scattering
sound speed 25°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Leeet al. (1990 0.1-8400 MPa Brillouin scattering
LA phonon velocity, lifetimes room temperature
Nakamuraet al. (19953 (1995hH 0.1-6000 MPa Brillouin scattering
sound speed 26°C
Fujishiro et al. (1992 0.1-6000 MPa Brillouin scattering
sound speed 19-23°C
MethanoH-ethanol Bak and Sooryakum&1994) 0.1-8100 MPa Brillouin scattering
(CH;0OH+ C,H50H) sound speed 25°C
Methanoh- water Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(CH30OH+H,0) sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Methyl acetate Biquard (1938 25.8-63.2 MPa diffraction of light by ultrasound
(C3HgO,) sound speed 17.5-19°C (10 MHz)
Biquard (1939 25.8-63.2 MPa diffraction of light by ultrasound
sound speed 17.5-19°C (10 MH2)
Nomuraet al. (1971 0.1-30.3 MPa ultrasonic interferometer
sound speedB/A parameter 5-35°C (4 MHz)
2-Methylbutane-pentane Houck (1974 0.1-2400 MPa pulse echo
(CsH1o+CsH1p) sound speed 22°C (10 MH2)
Methylcyclohexane Nakamuraet al. (19953 (1995hH 0.1-6000 MPa Brillouin scattering
(C7Hw) sound speed 26 °C
Methyl ethyl ketone Atoyan and Mamedoy1975a 0.1-162 MPa ultrasonic pulse echo
(C4HgO) sound speed 0-200°C (no frequency given
Methyl hexylketone Atoyan and Mamedoy1975b 0.1-162 MPa ultrasonic pulse echo
(CgH1¢0) sound speed 10-200°C (no frequency given
Monochlorodifluoromethane Takagi and Teranishi1988hH 0.1-50 MPa pulse echo
(CHCIR,) (R22 sound speed 10-50°C (2 MHz)
Monochloropentafluoroethane Takagi and Teranishi1988hH 0.1-50 MPa pulse echo
(C,CIFs) (R115 sound speed 10-50°C (2 MHz)
Monochlorodi fluoromethane Takagi and Teranishil987bH 0.1-50 MPa pulse echo
+monochloropent-afluoroethane sound speed 10-50°C (2 MHz)
(CHCIF,+ C,CIFs) (R502
Takagiet al. (19893 0.1-51 MPa pulse echo
sound speed 10-100 °C (2 MHz)
Monofluortrichlor methane Richardson and Tait1957) 0.1-68.9 MPa ultrasonic pulse
(CCl3F) (Freon1) (liquid) sound speed, absorption 15°C (1 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results
(experimental frequencies noted where availpbl€ontinued

Liquid

Investigatofs)
Focus

Pressure

Temperature range

Technique

Nitrobenzene
(CeHsNOy)

Nitrobenzene-aniline
(CeH5NO, + CgHsNH,)

Nitrobenzeneg-benzene
(CeHsNO,+ CgHg)

Nitrobenzend-benzonitrile
(CgH5NO, + C;H5N)

Nitrobenzene-chlorobenzene
(CeH5NO, + CgH5CI)

Nitrogen(N,) (gaseous
+n-octane (GH1g)

Nonane
(CQHZO)

n-Nonane
(CoHzg)

1-Nonanol
(CoH,0)

1-Nonene
(CoHyg)

Octamethylcyclotetrasiloxane
(CgH2404S,4)

Octane
(CgHy9)

n-Octanet n-dodecane
(CgH1gt CyoHag)

n-Octane (GHg)
+gaseous nitrogen ()

Octane (GHyg) +gaseous propane
(CsHg) + gaseous methane (GH

1-Octanol
(CSHISO)

1-Octene
(CgH1p)

Takagi(19795
sound speed

Takagi(1978b
sound speed

Takagi and Teranishil982h
sound speed

Takagi and Teranishil988a
sound speed

Takagi and TeranisHil984a
sound speed

Daridonet al. (1994
sound speed

Boelhouwer(1967)
sound speed

Melikhov (1985
sound speed

Sysoev(1977)
sound speed

Badalyanet al. (1972
sound speed

Niepmann and SchmidL980
sound speed

Boelhouwer(1967)
sound speed

Badalyanet al. (1970
sound speed

Takagi(1978a
sound speed

Melikhov (1985
sound speed

Daridon (1994
sound speed

Takagi and Teranishi19853a
sound speed

Daridonet al. (1999
sound speed

Daridon and Lagourett€1996
sound speed

Sysoevet al. (1976
sound speed

Melikhov (1985
sound speed

0.1-210 MPa
10-60 °C

0.1-210 MPa
30°C

0.1-200 MPa
at 30 °C

30 MPa

at 20-40°C

0.1-100 MPa
25 and 30 °C

0.1-200 MPa
20-40°C

0.1-100 MPa
30-100°C

0.1-140 MPa
—20 to 200°C

0.1-600 MPa
30-160°C

0.1-101 MPa
20-200°C

0.1-118 MPa
30-140°C

coexistence line
up to 60 MPa
27-177 °C

0.1-140 MPa
—20 to 200°C

0.1-118 MPa
30-140°C

0.1-210 MPa
10-60 °C

0.1-300 MPa
30-120°C

5-100 MPa
20-100°C

0.1 MPa up to
freezing line or
100 MPa
25°C

0.1-100 MPa
30-100°C

25-100 MPa
22-100°C

0.1-990 MPa
160-200 °C

0.1-300 MPa
30-120°C

ultrasonic pulse
(1 MHz)

pulse echo
(1 MHz)

pulse echo
(1 MHz)

pulse echo
(2 MHz)

pulse echo
(1 MHz)

pulse echo
(3 MHz)

pulse echo
(2 MHz)

pulse echo
(4 MHz)

pulse echo
(5 MHz)

ultrasonic pulse
(2 MH2)

pulse echo
(2 MHz)

pulse echo
(2 MHz)

pulse echo
(2 MHz)

pulse echo
(1 MHz)

pulse echo
(4 MHz)

pulse echo
(1-10 MH2

pulse echo
(2 MHz)

pulse echo
(3 MHz)

pulse echo
(3 MHz)

pulse echo

pulse echo
(4 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique

Badalyanet al. (1972 0.1-118 MPa ultrasonic pulse

sound speed 30-140°C (2 MHz)
Qil Bohidar(1988h 0.1-81.5 MPa Brillouin scattering
(blends sound speed 20°C
(e]] Barlow et al. (1973 0.1-300 MPa torsional vibrating quartz
(castoy viscoelastic properties —30 to 30°C (10-30 MH2
Qil Talbott (1935 4.1 MPa time required for induced pressure
(diese) sound speed 0.17-98.9°C wave to reach end of pipe
Qil Daridonet al. (1998h 0.1-150 MPa pulse echo
(distillation cutg sound speed 20-100°C (2 MHz)
Qil Matteson and Vogt1940 3.4-41 MPa compressional waves
(hydrocarboin sound speed 14-99°C (1 kH2)
Qil Daridonet al. (1996 saturation pressure pulse echo
(hyperbaric reservoir fluid sound speed to 120 MPa (3 MHz)

40-180°C

Qil Barlow and Lamh(1959 up to 100 MPa piezoelectric crystal
(lubricating shear, mechanical impedance —56 to 30°C (6—78 MH2

Nakamuraet al. (1992 0.1-3500 MPa Brillouin scattering

sound speed
Qil Vergne and Roché&1991) 0.1-700 MPa falling body viscometer
(naphtenic mineral ojl sound speed 25-150°C (1 MHz)
Qil Nakamuraet al. (1994 0.1-3000 MPa Brillouin scattering

(paraffinic and naphtenic 9il

sound speed

temp. not given

Nakamuraet al. (19953 0.1-6000 MPa Brillouin scattering
sound speed 26°C
Nakamuraet al. (1995b 0.1-3000 MPa Brillouin scattering
sound speed 26 °C
Qil Matteson(1938 12 MPa pressure waves
(petroleum adiabatic compressibility 49°C
Qil Wanget al. (1988 0.1-20.6 MPa ultrasonic pulse
(a variety of petroleum oi)s sound speed 22-75°C 800 kHz
Ol Philippoff (1963 0.1-103 MPa torsional vibrating quartz crystal
(polymer oil systems complex viscosity 25°C (20 and 60 kHx
Qil Daridonet al. (1998h 0.1-150 MPa pulse echo
(real and synthetic heavy qut sound speed 20-100°C (3 MHz)
Qil Gooldet al. (1996 0.1-9.1 MPa ultrasonic pulse
(spermacei sound speed 22-38°C (500 kH2
Qil Daridonet al. (1998a 0.1-150 MPa pulse echo
(synthetic heavy distillation cut; speed speed 20-100°C (3 MHz)
dilutions with hexang
Qil Daridonet al. (19989 10-120 MPa ultrasonic pulse
(three types of reservoir fluids: sound speed 0-180°C (2 and 3 MH2
light hyperbaric oil, liquid-phase
condensate gas, undersaturated
heavy oi)
Qil Houck and Heydeman(1971) 0.1-2000 MPa ultrasonic pulse

(aviation instrument}- 2-methylbutane

sound speed
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Penta-chlorobiphenyl and other Huttonet al. (1978 0.1-260 MPa ultrasonic pulse
chlorinated biphenyl$58%—42% absorption, sound speed, —87 to 90°C (5-78 MH2
(Aroclar 1254 viscoelasticity
1,1,1,2,2 Pentafluoro-3,3- Takagi and Fukushim&1998 0.1-30 MPa pulse echq2 MHz)
dichloropropane (CFCF,CHCI,) sound speed 10-70°C
1,1,2,2,3 Pentafluoro-1,3- Takagi and Fukushimél998 0.1-30 MPa pulse echo
dichloropropane sound speed 10-70°C (2 MHz)
(CCIF,CF,CHCIF)
PentafluoroethangHFC-125 Takagi(1996h saturation line pulse echo
(CHF,CR) sound speed to 30 MPa (2 MHz)
—30 to 60°C
PentafluoroethangHFC-125 Takagi(1997h saturated pressure pulse echo
and 1,1,1,2-tetrafluoro-ethane sound speed, absorption to 30 MPa (2 MHz)
(HFC-134a —30 to 60°C
(CHF,CF;+ CF;CH,F)
Pentafluoropropyl alcohol Takagi and Naguch(i1992 0.1-70 MPa pulse echo
(5FP sound speed 10-75°C (2 MHz)
Pentane Swanson(1934) 0.1-11.2 MPa interferometer
(CsH1p) sound speed 23.9°C (197.7 kH2
Richardson and Tait1957) 0.1-55 MPa ultrasonic pulse
sound speed, absorption 15-44°C (3 and 12 MHz
iso-Pentane Eden and Richardsof1960 0.1-55 MPa ultrasonic pulse
(CsH1p) sound speed, attenuation 0-10.5°C (3 MHz)
Collings and McLaughli1970 0.1-29.4 MPa torsional vibrating quartz
viscosity 30-50°C (39 kH2)
n-Pentane Collings and McLaughlif1970 0.1-68.6 MPa torsional vibrating quartz
(CsH1p) viscosity 30-50°C (39 kH2
Otpushchennikoet al. (19743 0.1-203 MPa ultrasonic pulse
sound speed 30-120°C (2 MHz)
Younglove (1981 0.1-34 MPa pulse echo
sound speed —183 to 17°C (10 MH2)
Melikhov (1985 0.1-600 MPa pulse echo
sound speed 30-160°C (4 MHz)
Belinskii and Ikramov(1973 0.1-784 MPa ultrasonic pulse
sound speed, absorption, nonlinear 20, 30, 40°C (13 MH2)
parameters Ra and,q
Ismagilov and Ermakoy1982 0.1-2.5 MPa pulse echo
sound speed 118-193°C (2.5 MH2)
Lainezet al. (1990 0.1-210 MPa pulse echo
sound speed —10 to 160 °C (3 MHz)
Pentane-2-methylbutane Houck (1974 0.1-2400 MPa pulse echo
(CsH1+CsHyo) sound speed 22°C (10 MH2)
1-Pentanol Sysoevet al(1976 0.1-990 MPa ultrasonic pulse
(CsH,0) sound speed 20.6 and 150 °C
Sysoev and Otpuschennik@¥979 0.1-811 MPa ultrasonic pulse
sound speed 15-180°C (5MHz2)
Polydimethylsiloxane Takagi and TeranigthP853 0.1-200 MPa pulse echo
sound speed 25, 30, and 35°C (2 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Polyethylsiloxane-2 Kagramanyan and Badalya878 0.1-203 MPa pulse echo
sound speed 30-100°C (2.8 MH2)
Kagramanyan and Badalydh979 0.1-200 MPa pulse echo
sound speed 30-100°C (2.8 MH2)
Polyethylsiloxane-3 Kagramanyaat al. (1978 0.1-203 MPa ultrasonic pulse
sound speed 20-120°C (2.8 MH2)
Polyethylsiloxane-2,3,4,6 Kagramanyan and Bagdasary®83h 0.1-600 MPa pulse echo
sound speed 30-100°C (2.8 MH2)
Polyethylsiloxane-4,5 Kagramanya al. (1979 0.1-203 MPa ultrasonic pulse
sound speed 30-100°C (2.8 MH2)
Polymethylsiloxane Sysoev and Otpuschennik@¥979 0.1-507 MPa ultrasonic pulse
(PMS-1000 sound speed 20-180°C (5 MHz)
Polystyrene latex suspension Bohidar (19899 0.1-82.5 MPa Brillouin scattering
(in aqueous medium sound speed 20°C
Propane Lacam(1954) 0.1-111 MPa ultrasonic pulse
(C3Hg) sound speed 25-225°C (3—-4 MH2
Noury (1954 0.1-15 MPa diffraction of light
sound speed 75-125°C (585 kH2
Lacam(1956 0.1-111 MPa diffraction of light by ultrasound
sound speed 200 °C (500 kH2
Niepmann(1984) coexistence line pulse echo
sound speed to 60 MPa (2 MHz)
—73 to 102 °C
1,3-Propanediol Sysoev and Otpuschennik@¥979 0.1-861 MPa ultrasonic pulse
(C3HgOy) sound speed 19-180°C (5 MHz)
1-Propanol Carnevale and Litovit21955 0.1-196 MPa pulse echo
(C3H,0OH) sound speed, absorption 30°C (25 MHz)
Wilson and Bradley(1964) 0.1-96 MPa ultrasonic pulse
sound speed 0-60°C (5 MHz)
Hagelberg(1970 0.1-98 MPa ultrasonic pulse
sound speed 30°C (14.3 MH2
Hawley et al. (1970 0.1-493 MPa pulse echo
sound speed, absorption 23-75°C (22 and 31 MHz regions
Sysoev and Otpuschennik@¥976h 0.1-990 MPa pulse echo
sound speed 15-150°C (4 MHz)
Sysoev and Otpuschennik@¥976a 0.1-860 MPa pulse echo
sound speed 30°C (4 MHz)
Bohidar(1988a 0.1-82.5 MPa Brillouin scattering
sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
2-Propanol Sysoev and Otpuschennik@¥979 0.1-861 MPa ultrasonic pulse
(C3H,0OH) sound speed 17-150°C (5 MHz)
Pevnyi and Otpuschennika1980a 162-608 MPa ultrasonic pulse
sound speed (1 and 10 MHz
n-Proponal-hexane Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(C3H;0H+ CgH1y) sound speed 20°C
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results
(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure
Liquid Focus Temperature range  Technique
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
n-Proponat-toluene Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(C5H,0OH+C;Hy) sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
n-Propyl acetate Nomuraet al. (1971 0.1-30.3 MPa ultrasonic interferometer
(CsH1¢02) sound speed 5-35°C (4 MHz)
Silicone (tetrachloro- Vergne and Roch€l1991) 0.1-700 MPa falling body viscometer
phenylmethyl-polysiloxane sound speed 25-150°C (1 MHz)
Silicone fluid McSkimin (1957 0.1-359 MPa ultrasonic pulse
(Dow Corning DC-703 and DC200 sound speed, absorption 5.6-50°C (20 MH2)
Tetrachloromethane Bohidar(1989a 0.1-80 MPa Brillouin scattering
(CCly) impedance 20°C
n-Tetradecan¢ n-decane Takagi and TeranisHi1985h 0.1 MPa up to pulse echo
(CygH30t CigH20) sound speed freezing line or (2 MHz)

100 MPa

25°C
Tetraethoxysilane Takagit al. (1989 0.1-100 MPa pulse echo

sound speed 10-60°C (2 MHz)
Tetraethylsilane Takagit al. (1989h 0.1-100 MPa pulse echo

sound speed 10-60°C (2 MHz)
1,1,1,2-Tetrafluoroethan@FC-134a Takagi(1996a saturation line to  pulse echo
(CR;CH,F) sound speed 30 MPa (2 MHz)

—30 to 60°C
Guedes and Zollwe1992 saturation to pulse echo
sound speed 70 MPa (3 MHz)
—94 to 107 °C
1,1,1,2-Tetrafluoroethan@FC-134a Takagi(1997b saturated pressure pulse echo
+pentafluoroethanéHFC-125 sound speed, absorption to 30 MPa (2 MHz)
(CF3CH,F+ CHF,CF,) —-30 to 60°C
Tetrafluoropropyl alcohol Takagi and Naguchi1992 0.1-70 MPa pulse echo
(4FP sound speed 10-75°C (2 MHz)
Tetramethylsilane Takagit al. (1989h 0.1-200 MPa pulse echo
sound speed 10-60°C (2 MHz)

Toluene Swanson(1934) 0.1-30.4 MPa interferometer

(CyHg) sound speed 25.0°C (172.0 kH2
Biquard (1938 19.6, 38.7, diffraction of light by ultrasound
sound speed 39.5 MPa, (10 MH2)

18 and 20 °C

Biquard (1939 0.1-78.4 MPa diffraction of light by ultrasound
sound speed, absorption 17.3-20°C (6.92 and 10 MHx

Hawley et al. (1970 0.1-522 MPa pulse echo

sound speed, absorption 30 and 75°C (22.5 MHz region

Allegra et al. (1970 0.1-981 MPa pulse echo

sound speed, absorption 30°C (12—40 MH2

Van't Kloosteret al. (1980 0.1-260 MPa pulse echo

sound speed -95 to 50°C (2 MHz)
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TaBLE 1. Compilation of ultrasonic investigations as a function of pressure in organic liquids, including investigator, focus of investigatore, gmdssur
temperature ranges of investigators’ experimental work, and brief comments as to technique used by int®stigatoraining experimental results

(experimental frequencies noted where availpbl€ontinued

Investigatofs) Pressure

Liquid Focus Temperature range  Technique
Takagi and Teranishil9849 0.1-160 MPa pulse echo
sound speed 20, 25, and 30°C (2 MHz)
Muringer et al. (1985 0.1-263 MPa pulse echo
sound speed —100 to 47°C (2 MHz)
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C

Toluenet aniline Takagi and Teranishi19859 0.1-180 MPa ultrasonic pulse

(C;Hg+ CgHsNH,) sound speed 30°C (1 MHz)

Toluener-benzene Takagi(19789 0.1-200 MPa ultrasonic pulse

(CyHg+ CgHg) sound speed 20, 30, and 40°C (1 MHz)
Toluenetn-proponal Bohidar(1989h 0.1-82.5 MPa Brillouin scattering
(CyHg+ C3H,0OH) sound speed 20°C
Bohidar(1989a 0.1-80 MPa Brillouin scattering
impedance 20°C
Tolueneto-xylene Takagi and Teranishi19859 0.1-180 MPa ultrasonic pulse
(C;Hg+ CgH4(CHg)») sound speed 30°C (1 MHz)
Toluol Pevnyi and Otpuschennikax1980a 0.1-51 MPa ultrasonic pulse
(C;HgO) sound speed 50°C (1 and 10 MH2z
Trichlorofluoromethane (CFg) Lainezet al. (1989 0.1-210 MPa pulse echo
(CFC-11 sound speed 80-140°C (3 MHz)
Takagi(199)) 0.1-75 MPa pulse echo
sound speed 10-100°C (2 MHz)
Trichloromethane Takagi(1994a 0.1-50 MPa pulse echo
(CHCl,) sound speed 25-80°C (2 MHz)
Triethylamine Litovitz and Carnevalé1958 98 kPa, 196 MPa, pulse echo

(CgH1sN) absorption, relaxation frequency, 322 MPa (14.9-65.3 MHz
sound speed 0°C

1,1,1-Triflouroethane Takagi(1997a 0.1-30 MPa pulse echo
(CR;CHy) sound speed —30 to 60°C (2 MHz)
Trifluoroethyl alcohol Takagi and Naguch(i1992 0.1-70 MPa pulse echo
(3FB sound speed 10-75°C (2 MHz)
n-Undecane Melikhov (1985 0.1-300 MPa pulse echo
(CyiH20) sound speed 30-120°C (4 MHz)
1-Undecanol Sysoev(1977) 0.1-101 MPa pulse echo
(C13H240) sound speed 20-200°C (5 MHz)

Xylene (isomerig + benzene Takagi(1981) 0.1-200 MPa ultrasonic pulse
(CeH4(CHz),+ CgHg) sound speed 30°C (1 MHz)
0-Xylene+ benzene Takagi(19789 0.1-200 MPa ultrasonic pulse

(CeH4(CHz) ,+ CgHg) sound speed 20, 30, and 40°C (1 MHz)
o-Xylenet+toluene Takagi and Teranishi19859 0.1-180 MPa ultrasonic pulse
(CeH4(CHg),+ C7Hg) sound speed 30°C (1 MHz)
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